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Abstract 
Evidence of the 1762 Arakan and Prior Earthquakes in the Northern Sunda Subduction 
By 
Dhiman Ranjan Mondal 
Advisor: Professor Dr. Cecilia M. McHugh 
 
The objective of this dissertation is to understand the seismic hazard associated with 
Arakan segment of the northern Sunda subduction along SE Bangladesh. In order to do that, it is 
necessary to document geologic evidence for the 1762 Arakan earthquake and prior events, to 
help estimate the recurrence interval (repeat time) for that earthquake. Historical records 
described that the 1762 earthquake caused extensive damage along the Arakan segment of the 
Sunda subduction system. But the geologic evidence for the earthquake farther north is necessary 
to better understand its associated seismic hazard to the densely populated nation of Bangladesh. 
This dissertation presents the results obtained from U/Th dating of the dead and live coral 
microatolls including their elevations measured by high precision GPS from the Saint Martin’s 
Island, DEM analysis and elevation of terraces from Teknaf coast and fault dislocation modeling 
based on the data obtained from the Saint Martin’s Island and Teknaf. 
Coral microatolls from Saint Martin’s island documents the evidence of the 1762 and 
prior earthquakes. The U/Th ages documents strong evidence of microatoll die offs related to the 
1762 earthquake.  The >2 m elevation difference between the dead microatolls and present-day 
living corals suggest that the microatolls died due to the coseismic uplift of 1762 Arakan 
earthquake.  This dissertation also provides evidence for two additional earthquakes taking place 
in ~700 and ~1140 C.E. which suggests an earthquake recurrence interval of ~500 years. 
 V 
Geomorphic studies documented three terraces along the coast of Teknaf. Several marine 
terraces have been previously documented along the west coast of Myanmar. The youngest of 
these terraces has been correlated to the coseismic uplift of 1762 Arakan along the Myanmar 
coast. The terraces along the coast of Teknaf are characterized by flat to semi-flat surfaces 
followed by sharp topographic rises. DEM (Digital Elevation System) analysis and GPS (Global 
Positioning System) survey documented 2 to 3 terraces. Among these three, the youngest terrace 
is possibly linked to the 1762 Arakan Earthquake but the ages have not been verified. 
Modeling using the data obtained from Saint Martin’s Island, Teknaf and other published 
articles (for the west coast of Teknaf) suggest a fault dipping at 10-15° to the northeast. The 
result of coseismic slip inversion shows 15 - 25 m of reverse slip along the Arakan rupture 
segment, which was accommodated by the upper plate failure. Based on our results from coral 
microatolls, terraces and the modeling study, this dissertation suggests that this segment of the 
Arakan collision zone has the potential to cause a future earthquake of Mw>8 which can produce 
a devastating effect to the inhabitants of Bangladesh, Myanmar and Eastern India.  
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Chapter -1 
1 Thesis Introduction 
1.1 Introduction 
Understanding the dynamics of a plate boundary and why megathrust ruptures occur is 
important since earthquakes can have devastating consequences for the population living 
adjacent to the plate boundary (Bull, 2009; Chester et al., 2013; Dorsey and Umhoefer, 2011; 
Subarya et al., 2006a). Therefore, study of earthquake ruptures and recurrence intervals is an 
important factor. There are two main types of records available for studying earthquakes: the 
historical and instrumental records. The historical record of earthquakes is often colloquial and 
transmitted through ancient observations and writings (Kovach, 2004). Besides, the evidence was 
mostly reported from more populated areas and was biased due to the larger number of historical 
accounts (Ran and Deng, 1999). The instrumental record is recent (started in 1900, according to 
the Global Earthquake Model foundation), and so is the geodetic record, which includes the 
permanent GPS data and tidal data. In most regions, the length of the GPS and tidal records are 
less than 50 years (Mccalpin, 2009b; Mccalpin And Nelson, 2009). Therefore, for earthquake 
recurrence intervals of more than 50 years, we cannot rely on GPS and tidal records nor the 
limited accounts from historical records (Leonard et al., 2010).  
Paleoseismology is a well-established science for the study of earthquakes based on geologic 
evidence and is capable of documenting several earthquake cycles (Atwater et al., 2003). 
Paleoseismic studies can help documenting the timing, nature and the magnitude of coseismic 
faulting (Michetti et al., 2005; Ran and Deng, 1999; Wallace, 1981; Ran and Deng, 1999). Over 
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the past decades, paleoseismology techniques have successfully documented the timing and 
evidence of paleoearthquakes. For example, dating previous fault motion for San Andreas fault 
near Wallace creek and Pallett Creek in California (Sieh, 1981; Wallace, 1981); dating sediment 
features that were caused by earthquake such as surface ruptures and sand dikes in the eastern 
California shear zone, new Madrid seismic zone and Cascadia subduction zone (Atwater et al., 
2003); uplift and subsidence of terraces caused by two earthquakes that occurred around ~3000 
BP and ~7700 BP along the Longmenshang fault zone in China (Ran et al., 2010); and 
estimating the uplift rate since MIS 5e from the marine terraces located at the Shimokita 
peninsula in northeastern Japan  (Matsu’ura et al., 2014). In coastal and deep marine settings, 
earthquakes can be documented by studying terraces, turbidites, submarine landslides and other 
submarine disturbances by dating the calcareous microfossils trapped and deposited with the 
sediments during the mass wasting event (Goldfinger, 2009; McCalpin, 2009b; Noguchi et al., 
2012; Rajendran et al., 2013; McHugh et al., 2014). In tropical settings, coral microatolls can be 
used to study earthquakes since dead coral heads, including the ones killed by coseismic uplift, 
work as a chronometer (Buddemeier et al., 1974; Charles et al., 1997; Scoffin et al., 1978; 
Smithers and Woodroffe, 2001; Taylor et al., 1987, 1985). A well-documented chronology for 
paleoearthquakes provides an opportunity to estimate the recurrence interval of that earthquake. 
In Bangladesh and surrounding areas, corals and uplifted terraces can be used to study 
paleoearthquakes since other records (GPS and Seismograph since 2003, and Tidal Records 
since 1980) are not long enough to capture recurrence intervals (Fig. 1-1). 
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Fig. 1-1: Geological records available in Bangladesh for earthquake studies.  
 
Corals are marine invertebrate organisms in the order of the Scleractinia in the phylum 
Cnidaria (Dawson, 2003). They are composed of polyps, a sac-like animal, a few millimeters in 
diameter and a few centimeters in length, which resides in an aragonite skeleton that it secrets 
(Veron, 1993). These polyps grow making larger skeletons. Among many types, Hermatypic 
corals have been commonly used for paleoearthquake studies and sea level research because of 
their shallow water habitat and need of sunlight (Stehli and Wells, 1971). Ahermatypic corals do 
not require sunlight. Thus they grow under photic zone even in the deep sea (Cairns and Stanley, 
1982). In the photic zone, the Hermatypic corals grow through a symbiotic relationship with 
Zooxanthellae algae (Marshall, 1996).  Eventually, this type of coral grows in colonies by 
budding, asexual division, and duplication. As the colony grows bigger, it builds a coral reef at a 
rate of 6 – 9 mm/yr (Gladfelter et al., 1978). However, the reef building depends not only on the 
type of corals but also on the seafloor topography, water temperature, wave action, turbidity, 
salinity and the supply of nutrients (Lough and Barnes, 2000). Since corals grow below seawater, 
they respond to the sea level change. When sea level lowers, the coral reef is exposed and dies. If 
relative sea level rises fast enough, the coral could drown (Buddemeier et al., 1974; Gladfelter et 
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al., 1978; Taylor et al., 1985). The genus Porites (Fig. 1-2) has been used to decipher sea level 
record in several locations. For example, in Barbados (Fairbanks and Matthews, 1978),  
Dominican Republic (Taylor et al., 1985), Centera Vanatua Arc (Taylor et al., 1987), Caribbean 
(Gladfelter et al., 1978), Sumatra (Zachariasen et al., 2000) and Haiti (Weil-Accardo et al., 
2016). 
 
 
Fig. 1-2: Taxonomy of corals species Porites. 
 
Porites corals grow at a rate of about 1 cm/year (Lough and Barnes, 2000). Therefore, a coral 
head with the radius of 1 m could potentially provide a sea level change record of 100 years by 
studying its seasonal growth bands. Disturbances in the coral growth bands could have 
potentially resulted from relative sea level changes that occurred as a result of short and long 
term tectonic deformation, and the oceanographic disturbances such as storms, floods, changing 
oceanographic and climatic patterns (Briggs et al., 2006; Zachariasen et al., 2000).  Studies of 
coral growth bands and its disturbances have been successfully used for documenting 
paleoearthquakes (Goodwin and Harvey, 2008; Meltzner et al., 2010; Searle, 2005; Taylor et al., 
Kingdom        : Animalia 
 Phylum        : Cnidaria 
  Class       : Anthozoa 
   Subclass     : Hexacorallia
    Order     : Scleractinia 
     Family    : Poritidae
      Genus   : Porites 
       Species  : Porites lobata 
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1990; Zachariasen et al., 1999a). Along the Indo-Burma subduction system and Myanmar west 
coast, there are several coral islands (Fig. 1-3). Along the SE coast of Bangladesh, there is the 
island of Saint Martin’s (Fig. 1-3). The corals in Myanmar have been previously studied and 
demonstrated to have recorded the tectonic deformation history of several earthquake cycles 
(Wang et al., 2013).  The island of Saint Martin’s is the focus of these theses. 
There are three major cities (Dhaka, Chittagong and Sylhet) and 160 million total inhabitants 
in Bangladesh along the Arakan segment of the northern region of the Sunda subduction system 
(Fig. 1-3). Therefore, it is crucial to understand the seismotectonics of the Arakan segment of the 
Indo Burma subduction system for geohazard assessment (Fig. 1-3).   
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Fig. 1-3: Location of the study area (Inset). The Saint Martin’s Island one of many 
islands along the west coast of the Myanmar and Bangladesh shown by blue polygons. 
The Arakan segment is the northern part of Sunda Megathrust which is thought to have 
ruptured in during 1762 Arakan Earthquake. A similar possible earthquake further north 
can cause substantial damage to densely populated Dhaka, Chittagong and Sylhet. The 
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population density data is obtained from ESRI (Environmental System Research 
Institute) and the coral distribution is from NOAA (National Ocean and Atmospheric 
Administration) website.  
 
1.2 Objectives 
The main objective of this study is to understand the seismotectonic behavior of the Arakan 
subduction zone by dating megathrust earthquakes and understanding the ongoing surface 
deformation. The methods include paleoseismic and paleogeodetic studies using coral 
microatolls and terraces along the Indo-Burma Subduction system in SE Bangladesh. 
 
1.2.1 Geologic Evidence for the 1762 and Prior Megathrust Earthquakes 
The study area is situated along the Arakan segment of the northern Sunda subduction system 
(Fig. 1-3). The focus is on the historically, and more recently geologically, documented 1762 
earthquake (Aung et al., 2007; Wang et al., 2013). Historical reports indicated that this region 
was affected during the 1762 Arakan earthquake (Alam and Dominey-Howes, 2014). Therefore, 
it is important to provide geologic evidence along the Bangladesh coast documenting the 1762 
Arakan and prior megathrust earthquakes.  
 
1.2.2 Understanding Deformation 
Another objective of this thesis is to understand the deformation associated with the 1762 
earthquake and prior cycles. Geological observations suggest that a given fault undergoes 
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repeated rupture sequences which include sudden coseismic release of stress, slow and steady 
accumulation of interseismic strain and short-term post-seismic relaxation (Matsu’Ura and Sato, 
1989; Sieh et al., 2008) (Fig. 1-4).   
 
Fig. 1-4: The seismic cycle. Shows the history of strain accumulation and release along a 
single fault patch. 
 
The sudden release of energy causes coseismic deformation during an earthquake and may 
produce uplift or subsidence (solid line in Fig. 1-4). For a thrust fault, uplift occurs near the fault 
tip, and subsidence occurs near the downdip end of the fault rupture (Okada, 1985). This 
deformation can be studied using GPS and corals (Zachariasen 1998). In this thesis, the 
coseismic displacement of the 1762 rupture has been studied using coral microatolls, since coral 
microatolls can be uplifted or can subside during an earthquake. Interseismic deformation 
indicates the strain that accumulates in between two earthquakes (dashed line in Fig. 1-4). The 
rate of motion is very slow when compared to that of coseismic deformation. Interseismic strain 
accumulation is opposite to coseismic deformation because a fault accumulates strain along the 
fault plane that is released by the earthquake. In this thesis, the growth bands of coral microatolls 
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Postseismic
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St
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have been studied to interpret interseismic and coseismic deformation as the coral microatolls 
responded to these changes in response to relative changes in sea level.  
The post-seismic deformation occurs a few days to months after the earthquake. When a fault 
ruptures, it continues to release strain even after the earthquake. It is commonly understood that 
once the accumulated strain is released the fault starts to accumulate strain by the interseismic 
slip (dotted line in Fig. 1-4). Postseismic deformation is more difficult to differentiate as it can 
occur after the death of the uplifted microatolls, but before new corals have been established. 
 
1.2.3 Understanding the Seismic Potential 
To reassess the seismic potential, the magnitude of the 1762 earthquake was estimated 
comparing the findings from this study with other studies previously conducted on this rupture 
segment (Aung et al., 2007, 2008, 2006; Thein et al., 2009; Wang et al., 2013). The seismic 
potential estimation includes reconstructing the magnitude for the 1762 paleoearthquake and the 
recurrence interval of megathrust earthquakes in this segment of the subduction. The magnitude 
of the 1762 rupture has been estimated using the rupture length method, maximum displacement 
method, length time displacement method, surface area method and seismic area method 
(McCalpin, 2009a; Wells and Coppersmith, 1994). The recurrence interval of the 1762 rupture 
has been estimated using the slip rate and slip history diagram (McCalpin, 2009a). 
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1.3 Background 
1.3.1 Geologic and Tectonic Settings  
Cratonic India has been colliding with Eurasia since the Eocene (Powell and Conaghan, 
1973; Ni and Barazangi, 1984; Dewey et al., 1989). India has acted as an indenter, pushing into 
the underbelly of Eurasia raising the Himalaya and the Tibetan Plateau (Molnar and Tapponnier, 
1975). The eastern flank of the India-Eurasian plate boundary is 5000 km long plate boundary 
extends from Bali and South Java to Naga-Disang thrust to the north. From south to north, the 
Sunda plate boundary is characterized by Java subduction, Sumatra subduction, Andaman-
Nicobar subduction and Indo-Burma subduction, which includes Arakan segment (Sieh, 2007). 
To the south, along the Java subduction zone India and Eurasia plate converging at the rate of 
~70 mm/yr (Michel et al., 2001; Calais et al., 2006; Tregoning et al., 1994). Along the Andaman-
Sumatra segment, subduction is more oblique and partitioned, with the Andaman rift, Great 
Sumatra Fault and other structures absorbing most of the oblique motion and forming a forearc 
sliver (Sieh, 2007; Subarya et al., 2006b). To the north, the Indo-Burma segment of the 
subduction plate boundary resulted from the ongoing oblique subduction of the Indian plate 
beneath the Burma platelet at a rate of 46 mm/yr (Ni et al., 1989; Satyabala, 2003; Nielsen et al., 
2004; Steckler et al., 2016). Here, the strike slip Sagaing fault accommodates 21 mm/yr right 
lateral arc parallel motion (Vigny, 2003; Maurin et al., 2010). However, this is only about half of 
the oblique motion. The reminder of the oblique motion is accommodated by additional strike 
slip faults within the non-rigid Burma platelet and perhaps by the subduction interface between 
India and Myanmar plates as well (Ni et al., 1989; Rao and Kumar, 1999; Socquet et al., 2006; 
Steckler et al., 2016). North of the Indo-Burma fold belt, the cratonic India is colliding with 
Eurasia along the Naga thrust belt.  
 
  
11 
Active uplift and high orogenic precipitation cause the Himalayan mountain belt to rapidly 
erode and exhume (Menard, 1961; Lavé and Avouac, 2001; Burbank et al., 2003; Gabet et al., 
2008; Burbank and Anderson, 2011a) at a rate of 2.1 – 2.9 mm/yr (Galy and France-Lanord, 
2001). As a result, two river systems, the Ganges and Brahmaputra, carry more than 1 Gigaton 
(1012 kg) of sediments per year (Kuehl et al., 1989) from these 8000 m high mountains onto the 
Bengal Basin (Alam et al., 2003).  The high sedimentation supply and modest deltaic subsidence 
(5 mm/yr; (Stanley and Hait, 2000; Grall et al., submitted.)) contribute to sediment accretion and 
progradation over a 100,000 sq km region to form the world’s largest delta, the Ganges-
Brahmaputra Delta (Uddin and Lundberg, 2004). As a result, the sediment thickness is higher, up 
to about 19 km (Singh et al., 2016; Howe et al., in prep., personal communication), in the 
northern part of the Sunda subduction system than that of the southern part where the sediment 
thickness ranges from 2-4 km (Métivier et al., 1999).  
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Fig. 1-5: Tectonic setting of the study area. A) Segments of the Sunda subduction system 
based on historical and instrumental earthquake ruptures. Small dots show the modern 
seismicity. The color of the dots represents the depth of the earthquakes. B) Rupture 
distributions along the megathrust. From -5° N to 15°N, almost the whole segment 
ruptured from 2004 to 2007 (Natawidjaja et al., 2006; Konca et al., 2008; Banerjee et al., 
2007; Ambikapathy et al., 2010). The segment north of 15° has not ruptured since 1762. 
C) Structural cross-section of the study area adapted from Rangin et al. (2013). The 
location of the profile is shown on map A by a yellow line.  The overlaid earthquake 
seismicity and focal mechanisms were downloaded from the Global Earthquake Model 
(https://www.globalquakemodel.org). 
 
As a result of ~20 km of sediment thickness of the Ganges-Brahmaputra Delta, the 
accretionary prism developed into the 250 km wide subaerial Indo-Burma fold-thrust belt  
(Curray, 2014). The eastern boundary of this fold-thrust belt shows typical oceanic subduction 
features such as a volcanic arc and forearc basin (Fig. 1-5; Johnson and Alam, 1991; Steckler et 
al., 2008). The central portion of the fold-thrust belt is >2000 m high and contains an oceanic 
subduction complex that predates the Himalayan collision (Rangin et al., 2013)(Fig. 1-5C). The 
broad active accretionary prism consists of Miocene and younger Himalayan derived sediments 
(Uddin and Lundberg, 2004; Najman et al., 2012). The amplitude of the anticlines in this outer 
belt decreases and their wavelength increases westward (Steckler et al., 2008, Betka et al., 
submitted). Along the westernmost margin of the fold-thrust belt, some of the anticlines are 
subaerially exposed (Rangin et al., 2013) while others are buried by the delta. Saint Martin’s 
Island, south of the delta, is underlain by one of these accretionary prism anticlines.  
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Structural measurements for Saint Martin’s Island show that the anticline is asymmetric with 
a gently dipping eastern limb at 12-24° (Bastas-Hernandez et al., 2014). The axis of the anticline 
is located offshore at the west side of the island (Bastas-Hernandez et al., 2014). The western 
limb is not exposed above sea level, which suggests that it may be dipping steeply and the 
anticline is west-verging. The N-S strike of the anticline follows the trend of the fold-thrust belt. 
The region around Saint Martin’s anticline shows typical thin-skinned deformation features, such 
as numerous thrust faults (Sikder and Alam, 2003) above a low angle (0.1° to 0.3°) shallow 
detachment fault (Rangin et al., 2013). Therefore, the anticline could well be a fault-propagation 
fold or detachment fold similar to other anticlines of the outer fold belt, for example, the 
Sitakund anticline (Mandal and Woobaidullah, 2006; Betka et al., submitted). It is not known if 
the anticlines have grown by coseismic rupture of underlying thrust faults but in 1999 the Mw 
5.2 earthquake on Maheshkhali Island, another anticline about 100 km to the north, had a surface 
rupture (Steckler et al., 2008).  
 
1.3.2 Eustasy and Relative Sea Level Changes 
Global average sea level (eustatic) affects all coasts on the Earth surface. Globally eustatic 
sea level changes are caused by farfield effects, such as melting of glaciers or ice sheet loading, 
thermal expansion of water masses and volume changes of the ocean basins (Peltier and 
Fairbanks, 2006; Milne and Mitrovica, 2008; Rovere et al., 2016). Coasts respond to global 
average sea level regionally, and this response includes both global and regional effects, such a 
glacial isostatic adjustment. Relative sea level, the motion of the land relative to the sea level 
includes not only global and regional effects, but also local vertical motions such as sediment 
compaction, local tectonic effects, isostasy and elastic strain from regional earthquakes (Rovere 
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et al., 2016). The coast along the Bay of Bengal, as elsewhere, has been affected by global 
average sea level (eustatic) and regional effects manifested as relative sea level changes (Warrick 
et al., 1996). 
Global climate has been affected by distinctively warm and cold periods during the past 2000 
years and these climatic changes affected average global sea level (Kemp et al., 2011). For 
example, during the Medieval Warm Period (800-1400 C.E.) global average sea-level rose at an 
average rate of 0.6 mm/year (Fig.  1-6). During the Little Ice Age (1650-1850 C.E.) sea-level 
may have fallen at a rate of 0.1 mm/year before accelerating to 2.1 mm/year from 1900-2000 
C.E.  (Fig.  1-6).   These changes in the global average rates of sea level rise/fall are much less 
than the rates of sea level rise observed during the late stages of deglaciation when global 
averaged sea level rates averaged 10 mm/yr and approached ~ 40 mm/yr during Meltwater Pulse 
1B, 11,400 years before present (Abdul et al., 2016). 
As this subduction system is tectonically active, ongoing tectonic deformation is one of the 
leading causes contributing to relative sea level changes. Tectonic deformation includes both 
sudden coseismic displacement due to earthquakes and the slow interseismic deformation that 
occurs between earthquakes. The magnitude of coseismic uplift and subsidence can reach meters 
and the rates of interseismic deformation, 0-8 mm/yr (Meltzner et al., 2015), can be comparable 
or larger than eustatic rates. Therefore, records of relative sea level changes as those provided by 
corals (Meltzner, 2015) have the potential of providing critical data on earthquake deformation 
cycles along the southeast coast of the Bay of Bengal.  
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Fig.  1-6: GIA (Glacial isostatic adjustment) adjusted sea level variations for the past 
1400 years (modified after from Kemp et al., 2011). Three green bell curves show the 
timing of the changes in the rate of sea level. The rates of sea level change in between the 
points are shown in the boxes above the x-axis. 
 
1.4 Dating Paleoearthquake and Documenting Associated Deformation using Different 
Proxies 
1.4.1 From Coral Microatolls 
Corals from the Porites genera have been used as paleo tide gauges (Taylor et al., 1987; 
Zachariasen et al., 1999a).  These types of corals begin to grow on a nucleus, which could be a 
rock fragment or another coral head. The coral grows by adding new skeleton onto the old one at 
a rate of  – 2 cm/yr (Taylor et al., 1987; Zachariasen et al., 1999a; Briggs et al., 2006). The rate 
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of coral growth is influenced by many factors such as species, water temperature, water depth, 
turbidity, salinity, available nutrients, and pollutants (Buddemeier et al., 1974; Scoffin et al., 
1978). Corals can grow both upward and laterally until they reach a level in which the polyps 
cannot survive, such as where there is prolonged subaerial exposure during spring low tide level. 
At this point, the coral head only grows laterally and becomes flat; it is then termed a microatoll 
(Smithers and Woodroffe, 2000). The lowest level of low tide is known as extreme low water 
(ELW), and the level of the growth band above ELW is known as highest level of survival 
(HLS). The HLS varies with species; however, it generally ranges from 3-15 cm above ELW for 
Porites genera depending on the coral growth environmental conditions (Taylor et al., 1987). At 
a given time, the highest elevation at which the coral can grow at its maximum growth rate is 
known as highest level of growth (HLG) (Meltzner et al., 2015, 2010; Weil-Accardo et al., 
2016). The term HLG is used for those years when HLS cannot be determined.  
A coral microatoll HLS history can be used to deduce relative sea level changes if the 
difference between the ELW and HLS is known for that coral species in that region.  Since only 
the relative sea level is known, it is very difficult to separate the signal of global average sea 
level change and the long-term slow tectonic signal from the coral microatoll. In the past 2000 
years, eustatic sea level averaged a 0.5 m rise (taking into consideration a -1 mm/year lowering 
of sea level during the Little Ice Age). If the averaged global sea level rise eustatic sea level 
remains unchanged the record that a coral provide could be related to either tectonic uplift or 
subsidence. In a tectonically active setting during a global average sea level rise the response that 
a microatoll record can be complex. Table 1-1 shows how global sea level rise (E) and an uplift 
or subsidence change caused by tectonics (L) with variable rate(r) can affect sea level relative to 
the microatoll (R) and the change of microatoll elevation relative to sea level (M).  
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Therefore: E  +  L (r) = R = -M 
Table 1-1: The growth of a coral microatoll in response to different tectonic conditions 
during sea level rise  
Global sea 
level Change 
(E) (blue 
arrows) 
Tectonic uplift/ 
subsidence (L) 
(red arrows) 
Tectonic uplift 
rates compare to 
global sea level 
change rate (r) 
(Length of red 
arrow) 
Resulting 
relative sea 
level (R) 
Microatoll 
response 
(M) 
 
rise uplift 
greater  drop uplift  
equal no change no change observed 
 
 
less slight rise slow subsidence 
 
rise remains unchanged 
 
 
moderate 
rise 
moderate 
subsidence 
 
 
rise land subsidence  
substantiall
y rise 
fast 
subsidence 
 
  
The growth pattern of a coral microatoll in response to different tectonic conditions and a 
steady relative low rate of sea level rise are revealed by the growth patterns of the coral 
microatoll (Fig.  1-7). For example, the coral microatoll grows upward at a constant rate when 
sea level rises at a relatively low and steady rate.  A low steady rate of relative sea level rise 
allows for the coral microatoll to grow laterally and upwards (Fig.  1-7B).  In the case of a minor 
relative sea level drop, the coral microatoll ceases to grow upwards but continues to grow from a 
new HLS (Zachariasen et al., 2000).  Inter-annual climatic variability such as El-Nino Southern 
Oscillation (ENSO) and associated sea level variations can cause small disruptions in the growth 
of coral microatolls (Philibosian et al., 2014). Other natural phenomena such as floods, cyclones 
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and tsunamis can disrupt the coral growth by modifying the environment in which the coral 
microatoll was growing (Scoffin et al., 1978; Smithers and Woodroffe, 2001). However, if 
natural, large amplitude and rapidly occurring phenomena, such as an earthquake coseismic 
uplift, occur, they can cause a rapid rate of relative sea level lowering and the coral microatoll 
could die (Meltzner and Woodroffe, 2015).  
 
Fig.  1-7: Growth pattern of coral microatolls in response to relative sea level changes 
(Modified from Meltzner et al., 2015). On the graph, the dotted line shows relative sea 
level, and dashed line shows coral growth rate.  A) When the coral is below the HLS, the 
coral microatoll grows upward until the growth is interrupted by changes in sea level. B) 
When the coral is at it HLS, as sea level rises at a steady rate overlapping growth band 
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becomes higher than the older bands. C) When sea level drops at a steady rate, the 
overlapping bands grow only laterally forming a hat shaped coral. D) These growth 
interruptions are due to oceanographic disturbances including local sea level changes. 
The coral shows free upward growth and does not track sea level.  E) In a case of 
permanent sea level change when the coral is at HLS, the truncated growth bands track 
the change. In this example, the change is due to tectonics. F) This growth interruption 
pattern is due to HLS lowering followed by a rise. After HLS lowering the coral grows at 
HLG below the low tide level until it hits the sea level. 
 
The morphology of coral microatolls can also be used to extract information about longer and 
slower rates of relative sea level change. For instance, hat-shaped or cone coral microatolls are 
produced when there is a steady rate of relative sea level lowering (Fig.  1-7 C), which could be 
the result of a slow-rate tectonic uplift. In this case, the morphology of microatolls is different 
from that of microatolls that died during rapid coseismic uplift. The morphology of a coral 
microatoll that died suddenly due to rapid coseismic uplift from an earthquake is the same as that 
of a microatoll growing under standard conditions (Taylor et al., 1987; Zachariasen et al., 2000, 
1999b; Meltzner et al.,  2006).  
 
1.4.1.1 U/Th Schematics for Dating Coral 
Age Calculation 
As described in the previous section, microatolls of Porites species track sea level change 
(Meltzner et al., 2015; Taylor et al., 1987). However, the record of sea level changes remains 
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incomplete unless the timing is known. A precise age of the growth bands or of the dead coral is 
an important parameter needed for establishing the timing of a paleoseismic event.  A traditional 
method used for dating fossil corals is the 14C method. However, the long residence time of 
carbon in the seawater and the difference from the atmospheric carbon could provide erroneous 
results (Fairbanks et al., 2005).  In recent days, the U/Th disequilibrium method has been used to 
estimate the ages of fossil corals precisely (Hai Cheng et al., 2000; Cobb et al., 2003; Edwards et 
al., 1988).   
The U/Th disequilibrium method follows the decay series of 238U, 234U and 230Th.  Here, 
238U decays into 234U to 230Th. The decay constant and the half-life of these isotopes are given in 
Table 1-2.  
Table 1-2: The decay constant and the half-life of 238U decays into 234U to 230Th. 
Isotopes Decay Constant (λ) Half-Life (yrs) (Cheng et al., 2000) 
238U 1.1551 x 105 (Jaffey, 1971) 4.468 x 109  
234U 2.835 x 106    (Lounsbury 
and Durham, 1971) 
2.445 x 105 
230Th 9.195 x 106    (Meadows, 
1980) 
7.54 x 104 
 
Uranium that originated from eroded crustal materials is abundant in seawater (Edwards 
et al., 1988).  238U undergoes alpha decay processes emitting an alpha particle, that damages the 
crystal lattice and produces 234Th. However, 234Th has a shorter half-life of 24.1 days (Edwards 
et al., 1987). Therefore, it turns into 234U quickly and remains in seawater as a form UO2+, since 
uranium is soluble in water. Thus, seawater is enriched in 234U and the 234U/238U ratio remains 
greater than 1. This enrichment is measured using equation 1 which ranges from 140 to 150 
(Blanchard, 1965; Miyake et al., 1970, 1966). 
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!"#$% = '()*'()+ ,-./01 − 1 ×1000                     --------1 
The coral skeleton is made up of aragonite. Uranium precipitates with aragonite in the 
coral skeleton. Therefore, the 234U/238U ratio in a coral remains as same as seawater. Once the 
carbonate lattice is formed, it does not receive any more uranium from the seawater, and 
theoretically becomes a closed system.  Then the U-Th clock starts and 234U decays into 230Th. 
As time passes, the concentration of 230Th increases in the coral skeleton. 
The precise ages of corals can be calculated using the concentration of 230Th relative to 
the concentration of 238U and 234U, if the initial concentration of 230Th is known. The element Th 
is insoluble in water, and it quickly gets adsorbed onto the wall of solid particles and deposits 
with sediments. Therefore, the concentration of Th remains low in the seawater. The 
concentration of 230Th and 232Th is seawater are 1-3 x 10-6 and 0.05-0.1 pg/g respectively 
(Edwards et al., 1988, 1987).  However, in a closed system, the initial 230Th should be zero. The 
concentration of 230Th can be obtained from live coral or from the seawater.  If the system is 
considered to be a closed system and initial 230Th is assumed to be zero, the equation 2 can be 
used to calculate the age of the coral (Hai Cheng et al., 2000; Cobb et al., 2003; Edwards et al., 
1987). Whereas equation 3 can be used to check whether the system is really closed and clean. 
 67()8 '()+ = 1 − 9:;"#<6 + >()*'?@ABCD@EF<<< ;"#<;"#<:;"#$ 1 − 9: ;"#<:;"#$ 6      -----2 
!"#$% G = !"#$%.1-,HI1J 9: ;"#$(L)                                 ----- 3 
 In a closed system, the δ234U should remain the same as seawater over time. If the value 
changes significantly, it indicates that the system has received or removed 234U. Thus, the 
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assumption of 230Th to be zero may not be valid to calculate ages.  
Age corrections 
 Mineralogy: XRD (X-ray diffraction method) was used to screen the samples for secondary 
calcite. The secondary calcite introduced from other sources could bring secondary U and Th 
into the system. The amount of “no detectable” calcite in a sample should be less than 0.2 wt. 
%,(Chiu et al., 2005). A coral sample with secondary calcite less than 0.2 wt% is a considered to 
be pristine for dating purpose (Hai Cheng et al., 2000; Henderson et al., 1993; Scholz et al., 
2004; Scholz and Mangini, 2007).  
Detrital Thorium Correction: It is assumed that the initial 230Th is entirely a decay 
product of 234U.  However, if that is not the case, and 230Th is added to the system by the organic 
detrital material during carbonate deposition, it is mandatory to correct the ages for initial 230Th.  
There are two ways the correction can be made, 1) By constructing  isochrons to determine the 
initial value of [230Th/232Th] or 2) estimating ages using crustal [230Th/232Th] initial range if  
isochrons for any sample cannot be constructed (Richards and Dorale, 2003). 
 
1.4.1.2 Elevation of Coral Microatolls 
The elevation of the coral microatolls is an important parameter for reconstructing the 
history of sea level, and it is essential to document the proper coral elevation relative to sea level. 
The elevation of coral microatolls has been measured using water leveler. The time and location 
of this measurement permit us to obtain the tidal elevation by using tidal predictions software 
(Briggs et al., 2006; Meltzner et al., 2010; Wang et al., 2013).  This method has been used 
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widely for the corals in Sumatra. Another method is to obtain the coral elevation using the 
satellite altimetry data; however, the uncertainty is very large (Meltzner et al., 2010). The most 
convenient method is to measure the elevation of the microatolls using high precision GPS and 
to link this measurement with local tidal measurements.  
 
1.4.2 Using Marine Terrace 
Terraces are gently sloping, or flat geomorphic surfaces bounded on one side by steeper 
ascending scarp and on the other side by a steeper descending scarp (Goudie, 2004). There are 
several types of terraces described in geomorphology. Such as: a) fluvial terraces – formed by 
the vertical erosion or downcutting of a river channel and the lateral erosion of its former 
floodplain deposits. The downcutting can be caused by the drop of base level due to sea level 
changes or regional tectonic uplift (Blum and Törnqvist, 2000; Goudie, 2004); b) lacustrine 
terraces – represent the paleoshoreline of either a nonglacial, glacial, or proglacial lake (Gracia 
Prieto, 1995), c) structural terraces – formed by the erosion of nearly flat lying strata (Goudie, 
2004), d) travertine terrace - formed when geothermally heated supersaturated alkaline waters 
emerge to the surface and form waterfalls of precipitated carbonates (Goudie, 2004); e) 
submarine terraces – horizontal or gently sloping stepped flat surfaces submerged under water 
(Geersen et al., 2013; Passaro et al., 2011) and f) marine terraces – formed by the erosion of 
bedrock or sediment by marine processes as a result of sea level change or tectonic uplift. Step-
like landforms or terraces are produced when multiple tectonic events cause multiple uplifts 
(Matsu’ura et al., 2014; Muhs, 2000; Kelsey, 2015; Sato and Matsu’ura, 1992). Since our study 
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aims to document and map terraces developed possibly by earthquake events that affected the 
coastline, we will focus on the evolution marine terraces. 
Marine terraces develop when an earthquake event produces an offset along a fault plane 
with one block moving up relative to another block that moved down (Goudie, 2004).  The offset 
elevates the upthrown block above local sea level and the shoreline moves seaward (Fig. 1-8).  
The emerged landmass then goes through different geomorphic evolution processes since marine 
terraces are short-lived landforms, which start to be degraded by fluvial and hillslope processes 
immediately after their formation (Anderson et al., 1999). 
 
Fig. 1-8: Before and after earthquake scenario of the shoreline. A) Shoreline before the 
earthquake, B) Cartoons of shoreline after the earthquake. The emerged land surface can 
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be defined as a terrace. C, D) Photos of the shoreline before and after and the 17th of 
November  New Zealand earthquake (Normile et al., 2016). 
 
1.4.2.1 Timing of the Terrace Formation 
Dating marine terraces provides an opportunity to understand the timing of when it was 
formed or was exposed above sea level (Hanson and Lettis, 2000). For example, in New Zealand 
along the Alpine fault, paleoearthquakes have been dated using marine terraces (Bull and 
Cooper, 1986a).  
 There are multiple methods that allow determining the age the marine terraces: 1) 
numerical dating methods such as uranium-series dating of coral (Muhs et al., 1988), bone and 
teeth sample; radiocarbon dating of charcoal, wood, peat and organic-rich soil; 2) calibrated-
dating techniques such as relative age of soil profile development (Rockwell et al., 1994); amino 
acid racemization of marine mollusk shells (Wehmiller 1992); thermoluminescence analysis of 
sediments (Berger 1988); 3) correlation dating methods such as correlation of marine terraces to 
paleo-sea levels (Shakleton et al., 1973); paleoclimate analysis of marine invertebrate and faunal 
assemblages and correlation to dated marine oxygen-isotopes stages (Kennedy et al 1992). 
 
1.4.2.2 Mapping elevation and extent of the terraces 
Marine terraces provide a datum to study tectonic deformation (Burbank and Anderson, 
2011b) and can show where sea level was in the past. A relative lowering of sea level leads to 
shoreline progradation and wider beaches. A relative sea level rise could lead to flooding of the 
shoreline making beaches narrower (Bull and Cooper, 1986b). In the case of sudden uplift, for 
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example, during an earthquake, the upward movement of the beach forms a terrace. Elevation of 
the uplifted terraces provides an opportunity to reconstruct the vertical deformation caused by an 
earthquake whereas its extent helps to document the extent of the rupture (Cucci, 2004; Jara-
Muñoz et al., 2015).  The spatial extent and elevation of marine terraces can be documented 
using field methods such as surveying using GPS, and using DEM and LiDAR (Iwahashi et al., 
2001; Bowles and Cowgill, 2012; Jara-Muñoz et al., 2015).  
 
1.4.3 Modeling of Earthquake and Tectonic Deformation 
The elastic dislocation model has been widely used to estimate coseismic surface 
deformation around an active fault that ruptured during an earthquakes as well as the interseismic 
deformation due to the coupling of plates along fault plane (Savage, 1983; Okada, 1985; Koketsu 
et al., 2011; Wang et al., 2015; Wang and Tréhu, 2016). The deformation model requires a well-
constrained fault geometry that can be constructed from the local seismicity and earthquakes 
focal mechanisms. For pre-instrumental earthquakes, fault slip and geometry may not be easy to 
estimate. In this case, the lack of local constrains may introduce significant uncertainties in the 
calculations (Wang and Tréhu, 2016). There are two different modeling approaches.  
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Fig. 1-9: Deformation model of a convergent boundary fault:  a1) steady rate of plate 
subduction; a2) deformation resulting from a steady rate of plate subduction; b1) back 
slip model; b2) deformation resulting from back slip; c1) total calculated strain 
accumulation; c2) strain accumulation caused by interseismic fault deformation 
(Modified after Savage, 1983). 
Forward Modeling 
The forward modeling predicts deformation of different phases if the geometry of the fault 
and other fault parameters such as the slip on the fault plane and depth of the locked end is 
known (Allmendinger, 1998; Wang et al., 2012).  
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Interseismic strain accumulation is caused by the coupling of fault or a portion of a fault 
when two plates do not move along the fault plane because of the friction between two plates. 
The resulting strain causes surface deformation (Okada, 1985).  This surface deformation can be 
estimated using the back-slip model proposed by Savage (1983). According to this model, 
deformation for a megathrust fault (Fig. 1-9: c1, c2) can be estimated by combining a steady 
state unlocked subduction model (Fig. 1-9: a1, a2) and a normal fault model for the locked 
portion of a fault together (Fig. 1-9: b1, b2). If the steady rate of plate subduction is minimal or 
negligible, the interseismic deformation can simply be calculated by modeling the fault as a 
normal fault (Vergne et al., 2001).  
Using a similar method, the coseismic deformation can be estimated if the geometry of the 
fault and slip of on the fault plane is known (Barrientos and Ward, 1990; Hsu et al., 2006a; 
Serpelloni et al., 2012). Even though the coseismic, postseismic and interseismic displacement 
can be measured using modern instruments and field methods, modeling helps to the understand 
the deformation mechanism better (Serpelloni et al., 2012). 
 
Slip Inversion Modeling 
The inversion technique allows estimating the model parameters from the data. In 
deformation studies, if the pattern of coseismic and interseismic surface deformation are known 
or measured by different field techniques, the fault geometry and the slip distribution on fault 
planes can be estimated (Barrientos and Ward, 1990; Hand and Sandiford, 1999; Reilinger et al., 
2000; Zhao et al., 2004; Delouis et al., 2004; Bürgmann et al., 2005; Hearn and Bürgmann, 
2005).   
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Generally, slip inversion requires a large amount of deformation data (if possible in X, Y 
and Z directions) equally distributed over the fault plane (Angelier, 1990; Hartzell and Heaton, 
1983).  Therefore, field techniques such as GPS allows better slip estimation since it provides 
deformation on vertical and two horizontal directions (Anzidei et al., 2009; Delouis et al., 2002). 
Previous studies have estimated the fault geometry and the slip on the fault plane using three 
component GPS data for several different subduction systems. These included slip distribution 
for 2010 and 1969 Chile earthquake (Fujii and Satake, 2013), the 2000 South Iceland earthquake 
(Pedersen et al., 2003), the 1960 Chile earthquake (Barrientos and Ward, 1990) and others.  
The coseismic deformation data may not be available for the pre-instrumental 
paleoearthquakes unless it is obtained by the paleoseismic field observations. In addition, it may 
be difficult to distinguish coseismic and postseismic deformation from their combined totals. 
Furthermore, the field data could be at best one dimensional – either horizontal offset for strike-
slip fault and uplift or subsidence for dip-slip fault. The method of inverting one-dimensional 
uplift or subsidence was proposed by Cheng et al., (2009). A similar method was used to invert 
coastal uplift and solve for slip distribution in several locations. For example, for the 2003 
Boumerdes-Zemmouri earthquake in Algeria (Delouis et al., 2004) and 2010 Haiti earthquake 
(Hayes et al., 2010a; Symithe et al., 2013).  
1.5 Thesis Structure 
Chapter 2 documents how coral microatolls were used to date the 1762 Arakan and prior 
earthquake by using U/Th dating techniques. The interseismic deformation was obtained from 
analyses of the coral growth bands through X-ray analyses.  
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Chapter 3 presents the result of the GPS measurements and DEM analysis of uplifted 
terraces.  
Chapter 4 focuses on inversion of the slip on the fault plane that was caused by 1762 
earthquake based on the observations that are reported in chapters 2 and 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
32 
Chapter -2 
2 Microatolls Document the 1762 and Prior Earthquakes along the Southeast Coast of 
Bangladesh 
This chapter is in review at the journal Tectonophysics. 
 
Abstract 
 
             In order to understand the seismic hazard associated with the Sunda megathrust along SE 
Bangladesh, it is necessary to document geologic evidence for the 1762 Arakan earthquake and 
prior events. Historical records described that the 1762 earthquake caused extensive damage 
along the Arakan segment of the Sunda subduction system, but geologic evidence for the 
earthquake farther north is necessary to better understand its associated seismic hazard to the 
densely populated nation of Bangladesh.  To document the paleoseismic history and understand 
ongoing tectonic deformation, we conducted detailed analyses of microatoll growth bands, dated 
microatolls using U/Th systematics and surveyed their elevation using high-precision GPS 
(Global Positioning System). The U/Th dating documents strong evidence of microatoll die offs 
related to the 1762 earthquake.  The >2 m elevation difference between the dead microatolls and 
present-day living corals suggest that the microatolls died due to the coseismic uplift of 1762 
Arakan earthquake.  Based on annual banding patterns and reconstruction of the highest level of 
survival, coral microatolls recorded a tectonic subsidence rate at of 2.2 ± 0.8 mm/yr prior to their 
uplift, consistent with elastic strain accumulation before the earthquake. In contrast, similar 
analyses of a living coral suggest the island is presently experiencing uplift, at a rate of 1.8 ± 0.1 
mm/yr and suggests that the anticline underlying Saint Martin’s Island is actively deforming. Our 
study also provides evidence for two additional earthquakes taking place in ~700 and ~1140 C.E. 
These findings suggest an earthquake recurrence interval of ~500 years. Based on our results, the 
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1762 rupture extended from the Faul Island off the west coast of Myanmar to at least Chittagong 
City in SE Bangladesh. The motions documented from the corals suggest that this segment of the 
Arakan collision zone is storing sufficient energy to potentially cause a future earthquake of 
Mw>8. 
 
2.1 Introduction 
On April 2nd, 1762 the Arakan earthquake jolted Bangladesh, Myanmar, and parts of India 
(Alam and Dominey-Howes, 2014). The 1762 Arakan earthquake, estimated at M8.5-8.8 
(Cummins, 2007; Wang et al., 2013) had devastating effects including severe ground shaking, 
liquefaction, landslides, and flooding of the coast along the Bay of Bengal. Surface deformation 
included both subsidence and uplift, the formation of two mud volcanoes, ground compaction 
and collapse of housing. Its effects were documented along the west coast of Myanmar and the 
southeast coast of Bangladesh (Alam and Dominey-Howes, 2014)(Fig. 2-1).  The associated 
tsunami waves caused 200 deaths in the Chittagong area in Bangladesh (Gulston, 1763; Verlest, 
1763) and 500 deaths near Dhaka, mostly from overturned boats. The severe seismic shaking 
initiated mud volcano eruptions at Sitakund in the Chittagong district (Mallet, 1878) and in the 
Cheduba, Ramree and Faul Islands along the west coast of Myanmar (Halsted, 1843). Most of 
the historical evidence and description of the effects and damage were collected immediately 
after the earthquake and additional evidence later by the British survey ship Childers in 1841. 
However, some of the descriptions and evidence collected at that time were somewhat colloquial 
and exaggerated (Cummins, 2007; Wang et al., 2013; Alam and Dominey-Howes, 2014). This 
historical information does not provide sufficient detail towards understanding the rupture 
mechanism (Guidoboni and Stucchi, 1993). It is, therefore, critical to document geological 
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evidence of the 1762 rupture since this earthquake remains the only reported pre-instrumental 
large magnitude megathrust earthquake along this segment of the Sumatra-Andaman-Arakan 
subduction zone.  
 
 
Fig. 2-1: Historical evidence for the 1762 C.E. earthquake and intensity in MMI 
(Modified Mercalli Intensity) scale estimated for different locations (modified after Alam 
and Dominey-Howes (2014); Table A1).  Different symbols show the different types of 
evidence recorded, and the color of the symbols shows estimated intensity (MMI). 
Modern studies of the 1762 earthquake (boxes). From S to N: Box-4 Aung et al. (2008), 
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Box-3 Wang et al. (2013), Box-2: Aung et al. (2006; 2008), Box-1: this study (inset; the 
Saint Martin’s Island). The inset on the upper-right corner shows the locations of 
evidence documenting the 1762 earthquake around the Chittagong region. 
 
Geological evidence for the coseismic uplift of 1762 Arakan and prior earthquakes is well 
documented along the west coast of Myanmar from the Chebuda and Ramree island to Sittwe 
island (Aung et al., 2008; Wang et al., 2013) (Fig. 2-1) The uplift measured from dead coral 
microatolls in Ramree and Chebuda islands is more than ~6 m (Fig. 2-1 Box 3; Wang et al., 
2013). Three marine terraces have also been documented as having been uplifted by three major 
earthquakes that occurred circa 1395-740 B.C, 806-1220 C.E. and 1585-1810 C.E. along the 
Rakhine coast of Myanmar (Fig. 2-1; Box 2; Aung et al. 2008). The youngest terrace was 
uplifted by 3-7 m and correlated to the 1762 earthquake.  But geologic evidence of the 1762 
earthquake rupture along the southeast coast of Bangladesh has not been established. 
The main objectives of this chapter are to document the effects of the 1762 rupture along the 
SE coast of Bangladesh by providing geologic evidence of the timing and uplift of coral 
microatolls in Saint Martin’s Island. The results are largely based on 58 U-series (U/Th) ages 
acquired on 15 coral microatolls combined with high-precision GPS elevation measurements.  
 
2.2 Methods 
To document evidence of the 1762 earthquake rupture along the northern segment the Sunda 
Subduction zone, we conducted paleoseismological investigations in Saint Martin’s Island along 
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the southeastern coast of Bangladesh in January 2013, 2014 and 2015. In each field season, coral 
samples were collected during low spring tides (tidal range in St. Martin’s Island is ~2.8 m), a 
time when both living and dead microatolls were exposed. The elevation of each microatoll that 
we sampled was measured by high precession, fast static GPS to an accuracy of ±10 cm. 
 
2.2.1 Sampling the Corals in the Saint Martin’s Island  
For this study, we only sampled Porites Lutea/Lobata corals that were in-situ and showed no 
or minimal visible signs of disturbance and diagenesis. We employed several techniques to 
obtain coral samples. We collected large pieces of corals using a chisel and hammer, and used a 
powered hand drill equipped with 2-inch drill bit to obtain oriented cores ~ 10 to 20 cm in 
length. We also used a gasoline operated chainsaw with a diamond chain to cut 2-inch thick 
vertical slabs oriented from the center to the edge of the coral head. The slabs were X-rayed in a 
local hospital.  The X-ray images were examined on a light table to identify growth bands that 
were then digitized and analyzed in order to map both continuous and interrupted growth 
patterns.  
 
2.2.2 U-Th Analysis of the Coral Samples and Age Correction 
All coral samples were subsampled using concentric 10 mm and 6 mm drill plugs. The 
following steps were performed for each subsample: Subsamples were mechanically cleaned 
with high-frequency sonication, first with MICRO detergent, followed by 30% H2O2, and finally 
with double deionized H2O (DDW). Cleaned coral sub-samples were then crushed to powder and 
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analyzed for evidence of secondary calcite by X-ray diffraction analyses (XRD). Three samples 
(SM-D13, D-0301, D-03-02) failed to pass a “no detectable” calcite (less than 0.2 wt. %) criteria 
(Chiu et al., 2005)(Table A2).  
Our approach in this study was to conduct U-Th dating of coral samples as opposed to 
using radiocarbon (14C) dating, which is commonly applied to marine carbonate materials.  
While 14C dating of fossil corals can provide precise ages, all dates must be calibrated to 
calendar age but only after being corrected for the age difference between the contemporaneous 
atmosphere and the seawater in which the coral grew (the marine reservoir effect).  These age 
corrections can be hundreds of years, can be variable, and are not well known for our study site. 
U-Th dating of relatively young corals has previously been demonstrated in the dating of 
earthquake events (Edwards et al., 1988) and in the absolute dating of climate records (Cobb et 
al., 2003). 
Approximately 0.5 g of coral was spiked with a calibrated 229Th-233U solution and 
dissolved in 1 ml of concentrated nitric acid. Organics were digested with the addition of HClO3 
acid. Uranium and Thorium isotopes were separated through anion exchange column chemistry 
following co-precipitation as iron hydroxide. Due to the large sample masses required for 
accurate dating of young corals, the Th fraction required a second column (100 ul) cleaning step 
in order to remove excess U. 
U-series (U-Th) dating was determined by Inductively Coupled Mass Spectrometry ICP-
MS (NEPTUNE PLUS) in the Department of Earth and Planetary Sciences at Rutgers 
University, applying the methods and protocols described in Mortlock et al. (2005) as modified 
by Abdul et al., 2016. Specifically, the peak-jumping mode was used to measure the isotopes of 
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U and Th with a secondary electron multiplier (SEM) positioned behind a retarding potential 
quadrupole (RPD). U isotopes were measured with sample-standard bracketing (SSB) to correct 
for SEM gain efficiency and drift.  Instrument mass fractionation was corrected by the 
monitoring the 235U/238U ratio.  Measurement accuracy was confirmed with measurements of 
certified reference materials (CRM 112a, CRM U010). The average precision of the age 
determination (at 2 SD) is between ±0.5% and ±0.2‰ depending on the age of the sample (Table 
A3). Replicate samples were obtained parallel to visible growth bands and were used to 
determine isochron ages. Procedural blanks were less than 0.1 to 0.5 fg and 2 to 20 pg for 230Th 
and 232Th, respectively. Sample ages have not been corrected for procedural blanks since they 
contribute to corrections of 5 years or less and are an order of magnitude less than corrections 
due to 230Th initial, as discussed below. 
The accuracy of U-Th dating in carbonates may at times be limited by corrections for 
non-radiogenic or initial 230Th.  This component, termed initial 230Th, does not result from in situ 
decay of 238U but instead is added to a precipitating carbonate from the surrounding waters.   
Generally speaking, corrections for initial 230Th in surface corals are not necessary since its 
concentration in seawater is extremely low as it is an insoluble element that easily adsorbs to the 
sediment grains and efficiently removed by scavenging onto particles (Cheng et al., 2000).  
However, in young samples or samples containing high concentrations of 232Th corrections age 
corrections for initial 230Th may be important (Cobb et al., 2003).  
Saint Martin’s Island is at the boundary between clean marine waters and sediment rich 
waters derived from the Naf and Ganges-Brahmaputra river systems. Indeed, surface seawater 
we collected from the Saint Martin’s pier was found to have 232Th concentrations in excess of 3 
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ppb (Table 2-1). Therefore, we correct for initial 230Th because of the relatively young age of the 
corals that are the focus of our study. 
Table 2-1: Concentration of 232Th in Sea water 
Sample Name 232Th(ppb) 
St Martin SW-1 (2015) 3.42±0.01  
St Martin SW-2 (2015) 3.20±0.01 
 
Two approaches are usually considered for estimating and correcting U-Th ages for 
initial 230Th.  One approach is to correct for initial 230Th by combining the coral’s measured 
232Th content with a 230Th/232Th atom ratio of 4.4 x 10-6, which is the value of average crustal 
materials at secular equilibrium assuming a bulk earth 232Th/238U ratio of 3.8.   A second, and 
perhaps preferred technique to be construct isochrons, where sub-samples of the same age are 
analyzed for their [230Th/232Th] and [232Th/238U] activity ratios in order to uniquely constrain 
[230Th/232Th] initial values (Edwards et al 1988;Richards and Dorale, 2003). In an attempt to 
reduce age uncertainty, our strategy was to construct isochrons on a representative number of 
samples to best constrain [230Th/232Th] initial, its range and variability.   
Isochrons obtained from coral microatolls SM-C5, SM-C10 and SM-C16 generated 
[230Th/
232
Th initial activity ratios of 4.03±0.9, 0.3±0.2 and 3.3±5.2 respectively. Two corals 
generated [
230
Th/
232
Th] initial activity ratios much higher than the average crustal ratio (~ 0.7) 
and confirmed our suspicion that Th has been added to seawater via the fluvial systems. 
Individual coral ages were corrected for 230Th initial using the measured intercept from Isochron 
plots. Coral samples for which isochrons were not generated have corrected age ranges 
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calculated based on the range of [
230
Th/
232
Th] initial ratio of 0.8 to 4. Replicate U-Th dating of a 
living Porites, sampled ~ 3 growth bands from the living surface, yielded a corrected U-Th age 
range of 1997 to 2008 C.E. and demonstrated the appropriateness of 230Th initial corrections and 
accuracy of our dating methods.  Finally, all samples yielded δ234Uinitial (144 to 150‰) in the 
range of seawater and modern corals that have maintained closed system behavior. 
 
2.2.3 GPS Survey of the Coral Heads 
The elevation of the coral heads was measured by dual frequency fast static GPS during our 
surveys.  In 2013, a Trimble NetR9 GPS was set up as a base station for the duration of the 
fieldwork. The position of the base station was determined using GAMIT/GLOBK including our 
local network in Bangladesh (Steckler et al., 2016). A second Trimble NetR9 GPS was used as 
the rover GPS, and the data were processed using Trimble Business Center to a vertical accuracy 
of ± 11 cm. In 2015 and 2016, coral head elevations were measured using a single Trimble 
NetR9 GPS with RTX capabilities. The OMNISTAR high precision service provided elevations 
within ± 10 cm. Each data point was surveyed for 30 min using a geodetic tripod with the 
antenna mounted on it. The EGM96 geoid height was subtracted from the GPS ellipsoid height 
determined for each station to estimate the orthometric height (which approximates the height 
above mean sea level). The spring tidal range was measured using the rover GPS, to determine 
the elevation of local mean sea level. Our observations reveal that there is an offset of 1.4 m 
between the observed and theoretical local mean sea level. Therefore, the GPS measurements 
have been transferred into the local tidal datum (Table 2-2). 
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Table 2-2: Elevation of Coral Microatolls measured by fast static GPS 
Coral ID 
Longitude 
in decimal 
degrees E 
Latitude in 
decimal 
degrees N 
Elevation 
(m) 
In Local 
Tidal 
Datum (m) 
SM-C05 92.3373 20.5761 2.23 0.83 
SM-C06 92.3375 20.576 2.03 0.63 
SM-C10 92.3369 20.5827 1.99 0.59 
SM-C11 92.3372 20.5828 2.02 0.62 
SM-C16 92.3318 20.6041 2.02 0.62 
SM-D04 92.3372 20.5761 1.94 0.54 
SM-D07 92.3245 20.6018 2.72 1.32 
SM-D09 92.3369 20.5829 2.57 1.17 
SM-D13 92.3319 20.6047 2.02 0.62 
SM-A05 92.3369 20.5825 2.31 0.91 
SM-Q07 92.3393 20.5823 0.06 -1.34 
 
2.3 Results 
2.3.1 Evidence of Uplift Related to the 1762 Earthquake 
2.3.1.1 Distribution of Coral Colonies in Saint Martin Island 
Along the surveyed regions, the coral microatolls are not distributed uniformly. There are 
three main dead coral colonies located along the eastern coast and one colony along the western 
coast of the island (Fig.  2-2). The identified colonies contain many different varieties of corals 
including Porites Lutea/Lobata. 
 
  
42 
 
Fig.  2-2: A) Distribution of live and dead coral colonies in Chheradip (southern 
part of St. Martin’s Island) and in central and northern parts of the island. Dashed line 
shows low tide level, red line shows dead coral colonies and green line show live coral 
colonies. B) Dead coral colony. C) Dead coral microatolls. D) Living tissue of Porites.  
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The southern part of Saint Martin’s island, called Chheradip, has east dipping indurated 
strata composed of Miocene sandstone (Chowdhury et al., 1997). This indurated sandstone is 
more resistant to erosion and has formed parallel ridges that bound areas of low relief. These 
areas of low relief were likely composed of strata that were removed by erosion and have formed 
bays that provide protected areas for the corals to grow. At least six dead coral colonies were 
mapped within these bays along the southern, central and northern parts of the island (Fig.  2-2). 
Numerous live coral colonies were identified offshore during low tide particularly on the 
southeast segment of the island (Chheradip). The dead coral colonies are located within the 
intertidal zone with a measured spring high tide of 1.43 m above mean sea level and spring low 
tide of 1.49 m below mean sea level. The elevation of dead microatolls is ~ 1.03 m higher than 
local mean sea level (Fig.  2-3). The dead coral colonies are barely submerged during the spring 
high tide and remain exposed otherwise.  
 
Fig.  2-3: Profile from land to offshore showing the location and elevation of dead and live 
corals. The location of this profile is shown by a dark line on Fig. 5. The tide level was 
measured with GPS during spring high tide and spring low tide. 
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We measured 18 living Porites microatolls to record their HLS, and found that HLS 
ranges from 6.6 cm to 12.7 cm above spring low tide level with an average of 9.52 ± 1.9 cm (Fig.  
2-4).  
 
Fig.  2-4: Highest Level of Survival (HLS) measured from different live corals colonies. 
Measurements were taken during spring low tide. 
 
2.3.1.2 Morphology, Ages and Locations of the Coral Microatolls 
We sampled and U-Th dated corals in two different regions of the island: Chheradip (North 
and South) and the central part of Saint Martin’s island (Fig.  2-2 and Fig.  2-5).   
0 2 4 6 8 10 12 14 16 18
No. of Live Coral
5
6
7
8
9
10
11
12
13
14
15
HL
S 
(c
m
)
HLS of Live Coral
HLS min
HLS Max
 HLS mean
 
  
45 
 
Fig.  2-5:Panel A, B and C show the location and elevation of coral microatolls relative to 
sea level and assigned range in dates. SHW = Spring High Water, LMSL = Local Mean 
Sea Level, SLW = Spring Low Water.  
 
South Chheradip  
Three coral heads were sampled in a bay on the eastern part of the island. Numerous dead 
coral heads were found in this bay. SM-C05 is one of the best-preserved corals in this colony. It 
has a radius of 1.5 m. The top of the coral is 0.91 m above mean sea level, which is 2.3 m above 
present-day live coral colonies.  We sampled SM-C05 at the edge and center. The range in dates 
for the edge of this coral head is 1765-1805 C.E. The isochron plot constructed from the edge 
sample is shown in Fig.  2-6. The age of this coral head at its center, obtained by coring (A02-
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01), is 1670±95 C.E. which is 50 to 100 years older than the coral edge. This age difference is 
consistent with the microatoll diameter (1.5 m) and standard typical Porites growth rate of 1-2 
cm/yr (Taylor et al., 1987; Zachariasen et al., 1999a; Briggs et al., 2006). 
 
Fig.  2-6: Isochron analyses of coral samples SM-C5, SM-C10, SM-C16. as obtained 
from replicate samples taken from a single growth band.   
 
Coral head SM-D04 is located 4 m from SM-C05 and has a radius of 2.2 m. The elevation of 
the outer most layer is 0.54 m above local mean sea level. Present-day living coral colonies were 
found ~0.37 m lower than the adjacent SM-C05 coral head.  The age of SM-D04 ranges from 
1427-1507 C.E.  However, the lower elevation of this coral head and older age relative to 
adjacent SM-C05 suggest that the coral head may have lost its outermost layers. 
Coral head SM-C06 is located 6 m away from the SM-C05, and its edge dates to 1609-1624 
C.E. Its elevation is 0.61 m above local mean sea level and ~2.1 m above the present-day living 
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coral colonies. Similar to SM-D04, this coral head may be missing the outermost layers since the 
top appeared to be weathered.   
Northern Chheradip  
The dead coral colony in the northern Chheradip is located in a bay that becomes submerged 
during spring high tide. We collected pieces, cores, and slab samples from four coral microatolls.  
SM-A05 is the best-preserved coral from this region. The coral head is perfectly rounded, 
and slab taken through the coral head reveals three growth interruptions. The elevation of this 
coral head is 0.91 above mean sea level, and 2.34 m above the present-day living coral heads and 
has a radius of 1.02 m. The outermost growth band was dated to 1777-1792 C.E. The center of 
the coral head dates to 1682 – 1700 C.E. 
Coral head SM-D09 is the largest coral microatoll from this area. The radius of this coral 
head is ~2.5 m, and it is located ~10 m from SM-A05. The elevation of this coral is 1.2 m above 
local mean sea level and ~2.6 m above present-day living corals. The edge of this coral head was 
dated to 1758 – 1798 C.E. (Fig.  2-5). The detailed sea level history obtained from the coral 
growth patterns of SM-A05 will be discussed later.  
Coral heads SM-C10 and C11 are ~3 m apart from each other and are located ~12 m from 
SM-A05. The elevation of the two microatolls are 0.59 m and 0.62 m above local mean sea level, 
and they are 2.02 m and 2.05 m above the elevation of present-day living coral colonies, 
respectively. The outermost layers of SM-C10 and SM-C11 have assigned dates of 1098-1140 
C.E. and 1041-1193 C.E., respectively (Fig.  2-5). Although SM-C10, SM-C11, SM-A05 and 
SM-D09 were all found in the same colony, the elevation of the coral heads SM-C10 and SM-
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C11 are 0.5 m lower, and their ages are ~550-600 years older than SM-A05 and SM-D09.  This 
could be the result of missing outermost growth bands, or it could possibly be due to a seismic 
event.  
Central Saint Martin’s Island: 
This is the northernmost location in which we found a dead coral colony. Most of the coral 
microatolls in this area have been reworked and broken, and are not in-situ. Because of this, we 
only sampled two coral heads from the eastern coast and one from the western part that appeared 
to be well preserved. The coral heads from the eastern part of the island are the oldest coral 
heads that were dated in our study. Assigned dates for SM-C16 and SM-D13 are 606 to 712 C.E. 
and 869-874 C.E., respectively. The elevation of the two coral heads is 0.62 m above local mean 
sea level, and they are elevated 2.05 m relative to present-day living corals.  
The SM-D07 sample is the only sample that we collected from the western coast of Saint 
Martin’s Island, and it has an assigned date of 1529-1967 C.E. The much larger range in the age 
assignment for SM-D07 reflects the range in 230Th initial age corrections due to its extremely 
high 232Th content (12.2 ppb).  The elevation of this coral is 1.32 m from present local mean sea 
level, and 2.75 m above present-day living corals.  Due to the large uncertainty in the age SM-
D07 is not considered in the interpretation of results. We also obtained samples from two other 
coral heads SM16-D1 and SM16-D2 that were dated to 1752 – 1769 C.E. and 1258 – 1270 C.E., 
respectively (Fig.  2-2). 
Northern Saint Martin Island:  
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From the northern part of the island, we sampled two corals. SM16-C1 and SM16-D3 were 
dated to 1751 - 1783 C.E. and 986 – 1004 C.E., respectively.   Unfortunately, we were not able 
to document the elevation of this coral heads. 
2.3.2 Microatoll Development before 1762 Earthquake 
We sub-sampled a cut slab from SM-A05 and obtained multiple U-Th ages in order to 
reconstruct its HLS (highest level of survival) history (Fig.  2-7). SM-A05 first began to grow 
around 1645 C.E. The coral grew, near vertically, until it reached HLS level in ~ 1686 C.E. After 
that time growth bands are oriented laterally (outward) for 5 to 6 years, that we interpret to 
reflect near constant relative sea level after which time the coral appears to have experienced a 
die down ~1691 C.E. (Fig.  2-7), perhaps from prolonged subaerial exposure. The lower part of 
the coral became recolonized and started to grow again forming living tissue.  The orientation of 
the following ~15 growth bands suggests vertical growth upwards after which time, growth 
bands for the next 16 years are laterally oriented, suggesting the coral growth “constant” relative 
sea level.  At this point, relative sea level was ~5 cm higher than prior to 1691 C.E. (Fig.  2-7). 
Coral banding implies that an event resulted in 5 cm of sea level drop, which was followed by 15 
cm of relative sea level rise. By ~1719 C.E. the coral grew vertically for 16 years until the 
growth bands reached the HLS, and at the same elevation as was recorded prior to 1719 C.E. The 
coral then recorded a die-down of ~5 cm in ~1741. This die-down is significant because after the 
die-down the coral briefly grew upward and then laterally to its highest recorded elevation that 
implies a permanent change of HLS. Finally, in ~ 1762 C.E. the entire coral head died and 
stopped growing. 
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Fig.  2-7: Coral microatoll SM-A05. A) X-ray of the slab merged together. B) Drawing of the 
growth bands. C) Elevation of the growth band relative to the present day mean sea level in 
cm. D) Location of SM-A05 in the Northern Chheradip region shown on Fig. E. 
2.3.3 Post 1762 Microatoll Development 
Results from the live coral colony reveal that the coral microatoll SM-Q07 lives ~1.3 m 
below local mean sea level, and 2.5 m below the dead coral microatolls. This microatoll began 
growing around 1800 C.E., and grew vertically until it reached relative HLS level (Fig. 2-8). 
There are three apparent die-downs documented in this microatoll growth bands: ~1866, ~1906 
and ~1970 C.E. There is no evidence that these die-downs are related to local tectonics since the 
pre and post-earthquake relative sea level are the same. The die-down in 1866 ~C.E. resulted in 
HLS lowering of 15 cm after which time the coral grew upward and laterally, reaching the same 
HLS level in 15 years. Two events, in 1906 and 1970 C.E. resulted in nearly identical 8 cm HLS 
lowering. In both cases, the coral grew upwards and laterally reaching its previous HLS level 
within 6 to 7 years. 
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Fig. 2-8: History of live coral SM-Q07. A) Drawing of the growth bands. B) Plot of local 
mean sea level versus age revealing the coral’s growth history. C) Location of the SM-
Q07 in the northern Chheradip region shown in fig. D.  
2.4 Discussion 
2.4.1 Evidence for the 1762 and Prior Earthquakes 
The ages obtained from U/Th dating and the GPS elevation measurements of the coral 
microatolls above sea level document the 1762 and prior pre-historic earthquakes.  
 
2.4.1.1 Timing of the Coral Die-down 
U-Th ages, after correction for initial 230Th, obtained from the last or terminal growth 
band of nine coral microatolls, show three temporal distributions (Table 2-3 and Fig. 2-9b). The 
age of the last growth band is important because it revels the time when a coral microatoll 
stopped growing (died). The dates of five microatolls range from 1751 to 1805 C.E.  (Table 2-3). 
Three microatolls (SM-C10, SM-C11 and SM16-D3) have dates ranging from 986 to 1193 C.E. 
and one microatoll (SM-C16) dates to 606 – 712 C.E.  (Table 2-3). SM-C16 is located in an area 
where numerous coral heads are present. These corals, however, showed signs of physical and 
chemical weathering. Most of these coral heads were broken, their shape was not preserved, and 
so they were not selected for U-Th dating.  
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Table 2-3: U/Th ages reveal three major coral killing events noted by blue arrows. 
 Uncorrected C.E. 
Corrected for 230Th/232Th 
Initial 
SM-C05 1734 ± 1 1756 – 1805 C.E. 
SM-A05 1773 ± 1 1777 - 1792 C.E. 
SM-D09 1750 ± 2 1758 - 1798 C.E. 
SM16-C1 1743 ± 3 1751 - 1783 C.E. 
SM16-D1 1747 ± 1 1752 - 1769 C.E. 
SM-C10 1128 ± 4 1098 - 1140 C.E. 
SM-C11 1035 ± 10 1041 - 1193 C.E. 
SM16-D3 979 ± 4 986 - 1004 C.E. 
SM-C16 630 ± 5 606 - 712 C.E. 
 
2.4.1.2 Non-tectonic Sea Level Variation 
Our studies of two coral slabs (SM-A05, SM-Q07) reveal that the corals display complex 
and dissimilar growth patterns as both show periods of growth interruptions that temporarily 
halted growth but did not kill-off the microatolls altogether. This phenomenon is very common 
for microatolls and has been observed in other regions, such as Sumatra and Haiti (Meltzner et 
al., 2010; Weil-Accardo et al., 2016).  Possible explanations for these growth interruptions could 
be related to sea-level variations caused by temporary oceanographic changes such as those 
documented by Philibosian et al. (2014) and Meltzner and Woodroffe (2015). In Sumatra, these 
oscillations are caused by the Indian Ocean Dipole Moment and are regional in extent. The 
Indian Ocean Dipole Moment (IODM) is an irregular oscillation of sea surface temperature in 
the Indian Ocean, in which the western ocean becomes warmer and colder alternatively than its 
eastern part (Saji et al., 1999). During these IODM events the sea surface level changes on the 
order of 5 – 10 cm, depending on the strength of the events (Clarke and Liu, 1994). These 
relative sea level variations are not permanent, and sea level returns to its original position within 
one or two years. However, if the topmost corals are killed, it can take several years of growth 
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for the coral to reach HLS once again. Microatoll SM-A05 showed evidence for relative sea level 
variations in ~1691, ~1719 and ~1741 C.E., and the coral microatoll SM-Q07 showed evidence 
of relative sea level change in ~1866, ~1906 and in ~1970 C.E. (Fig. 2-8). Previous studies 
indicate that the geographic extent of non-tectonic sea level variations in the Indian Ocean 
equatorial regions, Sumatra for instance, is substantial and can cause large-scale changes in the 
growth patterns of coral microatolls (Taylor et al., 1987; Zachariasen et al., 1999b). Except for 
one die down event near 1970 that could possibly be caused by IODM events mentioned by 
Abram et al. (2003, 2007), there is no direct link between IODM events in the Bay of Bengal as 
those documented in the equatorial regions of the Indian Ocean.   
Other possible causes considered for interruption of coral growth could be a decrease in 
salinity or increased turbidity related to local fluvial discharge.  The geographic setting of Saint 
Martin’s Island is influenced by sediment discharge that is >1 GT/yr from 2 main rivers (Barua, 
1990; Kuehl et al., 2005).  Fluvial discharge in the SE Bay of Bengal is directly related to the 
strength of the Indian Monsoon. The Ganges-Brahmaputra River system, in response to the 
monsoon rains, has a mean discharge of 38000 m3/s with a peak rate that can exceed 100000 
m3/s during the summer monsoon (Barua, 1990). Most of the discharge flows westward from the 
river mouth away from St. Martin’s.  However, oceanographic events such as IODM could direct 
more of the river flow towards and along the SE coast of Bangladesh. In addition, flash floods on 
the Naf River can transport turbid waters and reduce salinity, which could affect the coral 
growth. However, no historic records of precipitation, flood and cyclones for the region are 
known to occur at similar times as the coral die down events (Fig. A5 and A6). 
Another possible cause considered for the ceasing of coral growth are algal blooms (Charles 
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et al., 1997; Abram et al., 2003, 2007; Natawidjaja, 2004; Natawidjaja et al., 2007). There are a 
wide range of factors that could cause algal blooms. For example, upwelling of nutrient-rich 
deep water, heavy rainfall on the land washing off phosphates and Vitamin B12 from the soil and 
salt-marsh areas into the sea and bringing blue-green algae are suggested as possible causative 
agents for the algal blooms (Lapointe, 1997, 1999; Hughes et al., 1999). Other environmental 
variables such as sea surface temperature extremes and annual solar radiation changes could also 
affect the calcification rate of the corals. The calcification rate eventually affects the thickness of 
the growth bands (Lough and Barnes, 2000; Lough and Cooper, 2011). A slow calcification rate 
could lead to the growth of a wide band or no-growth. 
 
2.4.2 Evidence for Coral Uplift 
Results from the elevation survey at Saint Martin’s Island revealed that dead microatolls 
are positioned 1.8 to 2.5 m higher than present-day living corals. Living colonies can grow no 
lower than the low tide level since they cannot survive prolonged exposure to air and sunlight 
(Lough and Barnes, 2000; Lough and Cooper, 2011).  Presently, all dead coral microatolls are 
only submerged during spring high tide.  As there is little evidence for changes ~ 2 m amplitude 
changes in global sea level during the past millennium, we relate this elevation difference to 
local tectonics. To assess whether the coral microatolls were elevated due to a sudden event or 
by slow gradual tectonic uplift,  we carefully studied the shape of the microatolls. Slow and 
gradual uplift would result in an upside down “hat” shaped coral (Zachariasen et al., 2000). In 
contrast, Saint Martin microatolls are either cup-shaped or flat-topped. This observation indicates 
that the interruption in coral growth was likely due to a sudden uplift or emergence of the land, 
such as that caused by an earthquake.  
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Therefore, based on the U/Th ages and GPS elevation measurements of dead coral 
microatolls we conclude that the 1762 Great Arakan earthquake ruptured the Saint Martin 
anticline leading to the ~2 m uplift of the southern part of the Saint Martin’s Island and the death 
of the microatolls. The ages at the center of the living coral SM-Q07, and its present location and 
elevation support our conclusion. The ages of the center show that SM-Q07 started to grow in 
C.E. 1790 - 1804 and after the 1762 earthquake. The sudden uplift event lowered the preferred 
water depth for existing corals and required that new colonies grow farther offshore from the 
dead corals.  
Two other populations of microatolls cluster around 986 to 1193 C.E. and 606 to 712 
C.E., thereby raising the possibility of two pre-historical earthquakes uplifted Saint Martin’s 
Island, causing the death of the microatolls. However, evidence for these two earthquakes is not 
as robust as for the 1762 earthquake because of limited sampling and U-Th dating due to poor 
preservation of coral heads.  In addition, elevation of these coral microatolls is similar to that of 
the coral microatolls that date to the 1762 earthquake. It suggests that the coseismic, postseismic 
and interseismic motion may balance each other such that the corals remain at similar elevation 
following each cycle (Fig. 2-9).  
We conclude that the primary cause of death for a number of coral microatolls was the 
1762 coseismic uplift. Effects due to non-tectonic or changing oceanic conditions (e.g. 
temperature, salinity) would be different as revealed from the growth band analysis of the slabs 
SM-A05 and SM-Q07 and could not account for the large relative sea level shift. 
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Fig. 2-9: A) Elevation of dead and living coral heads measured by GPS and adjusted to 
local mean sea level. The red curve is the global sea level estimate for the last ~1400 
years (Kemp et al 2011). The age vs elevation suggests that the coral data encompassed a 
long-term relative sea level rise at the rate of 0.2 mm/yr. Samples SM-D07 and SM-D09 
are excluded from the fit because SM-D07 in on the western cost of the island, and SM-
D09 is believed to be a tilted coral head. B) The elevation of the coral heads after 
subtracting the global sea level rise rates from obtained from  Fig.  1-6. The corrected 
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data suggests subsidence at the rate of 2.2 ± 0.8 mm/yr prior to the 1762 earthquake, as 
recorded by SM-A05 and uplift at a rate of 1.8 ± 0.1 mm/yr as recorded by SM-Q07. The 
dashed line shows projected subsidence rate. The green curve above the x-axis shows the 
age density estimate distribution for the 15 dated corals ages (The ranges are estimated in 
2-sigma). 
 
2.4.3 Interseismic and Postseismic Deformation Derived from the Microatolls  
During the past decade, a new synthesis of the subduction earthquake cycle is developing 
using observations from recent large megathrust earthquakes such as the 2004 Sumatra-
Andaman, the 2010 Maule and the 2011 Tohoku-oki (e.g., Sun et al., 2014; Sun and Wang, 
2015; Wang and Tréhu, 2016; Bedford et al., 2016).  During a large subduction earthquake, the 
frontal part of the upper plate moves trench ward and upward releasing the stored strain while the 
downdip end of the earthquake subsides (Fig. 13). Following the earthquake, the postseismic 
motion is initially dominated by afterslip and viscous relaxation.  While this motion is often in 
the same direction as the earthquake (e.g., Hsu et al., 2006), it can also have the opposite sense, 
as for offshore area of the 2011 Tohoku-oki earthquake (e.g., Sun et al., 2014).  This motion 
reflects deformation driven by the stresses from the earthquake. After a period of time that is 
dependent on the magnitude of the earthquake, the postseismic motion fades, and the 
interseismic motion dominates.  This is primarily elastic loading due to the dragging of the upper 
plate, which is locked to the lower plate.  As a result of interseismic viscoelastic stress relaxation 
(Wang et al., 2012), the stain rate is not completely linear with time and the motion does not 
precisely match elastic backslip models (Savage, 1983; Okada, 1985).  Interseismic motion has 
the opposite sense of the earthquake, with the updip part of the locked fault moving landward 
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and downwards.   
In order to examine the subduction earthquake cycle related to the 1762 earthquake, we 
compared the annual growth bands in SM-A05 that died as a result of the 1762 earthquake with 
those of SM-Q07 that grew after the 1762 earthquake. The geometry of the growth banding 
provides a tool for tracking relative sea level change, which can aid in reconstructing the 
interseismic vertical deformation. The two coral records combined provide a nearly continuous 
record from ~1650 C.E.  to the present with 67 years missing right after the 1762 earthquake. In 
order to obtain an accurate estimate of the tectonic deformation, relative sea level must be first 
corrected for eustatic sea level change (Meltzner et al., 2015). The rate of sea level change has 
varied over the last millennium. Since the Little Ice Age, there has been an increase in the rate of 
sea level rise (Kemp et al., 2011). We have taken the rates estimated by Kemp et al., (2011) and 
subtracted those from the HLS change rate estimated from the coral microatolls (SM-A05 and 
SM-Q07) for corresponding time (Fig. 2-9). Rates were then calculated by applying a linear fit to 
the growth bands that represent the highest level of survival (HLS) with the correction for 
eustatic rise of sea level. The growth bands suggest a 2.2 mm/year subsidence and 1.8 mm/year 
of uplift before and after the earthquake, respectively (Fig. 2-9B).  
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Fig. 2-10: The schematic of the viscoelastic deformation observed from the coral 
microatolls A). Interseismic deformation prior to the earthquake, which matches the 
subsidence recorded by microatoll SM-A05. B) Coseismic and postseismic deformation 
during and after the earthquake. The net uplift at the Saint Martin’s Island is recorded 
from the ages and elevations of coral heads. C) Present-day postseismic uplift recorded in 
coral head SM-Q07, which we interpret as due to aseismic folding. The rupture of the 
1762 earthquake may have stopped near the Saint Martin’s Island. Since the frontal part 
remained the unruptured. It is remaining stress and aseismic deformation caused the 
uplift, which is perhaps responsible for the folding.  D) Future interseismic deformation 
caused by elastic loading, when the fault will be locked. Dragging of the subduction plate 
will cause subsidence near the Saint Martin’s Island as observed in pre-1762 earthquake 
condition (Fig A).   
As the change in eustatic sea level rise was minimal during the Little Ice Age, microatoll 
SM-A05 tracks a sea level of about 15 cm over 71 years (Fig.  2-7C). This slow rate of change 
suggests a slow interseismic subsidence at a rate of ~2.2 mm/yr (1648 to 1762 C.E.) prior to the 
1762 earthquake, similar to the uncorrected rate.  On the other hand, the slow relative sea level 
rise of only 0.3 mm/yr recorded at microatoll SM-Q07 (Fig. 2-8) is slower than the rate of the 
eustatic rise over the last 200 years. The slow relative sea level rise in this coral thus suggests an 
uplift rate of 1.8 mm/yr (1850 to 2016 C.E.). 
The slab sampled from SM-Q07 provides the HLS record from 1805 to 2016 C.E., and 
implies that the immediate post-earthquake deformation following the 1762 event was not 
recorded. Postseismic deformation generally last from years to several decades. However, the 
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deformation recorded by SM-Q07 is not until 70 years after the earthquake and is relatively 
constant over the next 250 years.  
The interseismic deformation from HLS data of microatoll SM-Q07 might be expected to 
be a continuation of subsidence, similar to the interseismic deformation recorded by microatoll 
SM-A05. However, the slow lateral growth of the microatoll during an interval of increasing 
eustatic sea level indicates that it is undergoing tectonic uplift that is nearly equal to the rate of 
sea level rise. We suggest that a continuation of uplift, post-1762, may be due to aseismic 
deformation of the Saint Martin’s anticline.  It is unclear whether the shallow detachment that 
underlies the frontal part of the Indo-Burma subduction zone is seismogenic (Steckler et al., 
2016). Even if it is seismogenic, it is possible that the megathrust may not rupture the updip 
region (see scenarios in Wang et al., 2013). One possible interpretation is that the rupture 
stopped at or near the Saint Martin’s anticline, contributing to the coseismic uplift that occurred 
there.  The deformation and stress at the front of the earthquake rupture may then drive aseismic 
folding and uplift of the anticline (Fig. 2-10 C). This deformation of the anticline overlying the 
megathrust would propagate the deformation aseismically into the unruptured outer part of the 
foldbelt.   
The Indo-Burma subduction zone (Fig. 1-5) differs other subduction zones in its extreme 
thickness and volume of sediments on the incoming plate (Singh et al., 2016) and its 250-km 
wide accretionary prism with numerous anticlinal folds (Steckler et al., 2008). The extremely 
low surface slope (0.1°) implies that the prism and the megathrust detachment are extremely 
weak. Mapping and structural analysis of the anticlines in the Indo-Burma foldbelt reveal a 
mixture of fault propagation folds and detachment folds over the relatively shallow décollement 
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(Betka et al., 2017, submitted).  The detachment folds may well develop relatively aseismically. 
If the frontal part of the accretionary prism is able to deform aseismically, even in part, it could 
greatly decrease the seismic hazard for Dhaka. This megacity, the capital of Bangladesh, lies 
near the deformation front.  In a sense, this uplift at St. Martin’s Island is similar to afterslip 
observed following the Nias-Simeulue 2005 earthquake (Hsu et al., 2006b). However, its 
continuation for an extreme amount of time, >250 years, in this extreme accretionary prism 
suggest that there may be a considerable aseismic deformation of the nascent folds near the 
deformation front.  
 
2.4.4 Reconstruction of Coseismic and Postseismic Uplift  
The reconstruction of coseismic uplift associated with an ancient earthquake is enigmatic. 
The oldest coral at Saint Martin’s Island was dates at ~700 C.E., and its present-day elevation 
suggests it may record an ancient earthquake event. We have limited information of the 
interseismic deformation after the earthquake. Considering fast postseismic relaxation followed 
by interseismic subsidence at the rate of 1 – 5 mm/yr up to the following earthquake, the net sum 
of the coseismic uplift could range from 0.5 m to 2.0 m. (Fig. 2-9). The distribution of coral ages 
also suggests an earthquake at around 1140 C.E.  The net uplift from the coseismic and 
postseismic motion from that event can be estimated using the deformation recorded at SM-A05 
where we estimated interseismic subsidence at the rate of 2 mm/yr. Extrapolating the rate back to 
1140 C.E. generates a net uplift of ~1 m. The present elevation difference between the dead SM-
A05 and live SM-Q07 measured from the GPS is 2.4 m. Considering postseismic deformation 
followed by the slow uplift at the rate of 1.8 mm/yr, the coseismic uplift of the 1762 earthquake 
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could range from 1.8 to 2.0 m (Fig. 2-9). It is important to note that the pattern of immediate 
post-seismic deformation for these earthquakes is not recorded in any coral heads and thus it is 
not known.  
 
2.4.5 Recurrence Interval 
U-Th dating of Saint Martin Island corals indicates that the most likely cause of coral 
mortality was earthquakes. The probability distribution of ages suggests three coral-killing 
events corresponding to, 1756-1810 (we interpret this event as the 1762 Arakan Earthquake), 
1126 - 1161 and 620 – 750 ~C.E. (Fig. 2-9). The distribution of ages suggests a recurrence 
interval of 500 – 700 years, similar to that estimated by Wang et al. (2013).  One caveat is that 
the distribution of earlier events is not well constrained with our sampling and dating.   Nor can 
we determine if these earlier earthquake events may have only part of the zone that ruptured in 
1762. However, two additional ages of 984 to 1270 C.E.  obtained from SM16-D2 and SM16-D3 
from the northern part of the island correspond to 986 - 1193 C.E. earthquake event. Therefore, a 
500-700 years recurrence interval is not an unreasonable estimate, given the limitation of the 
data set.  
 
2.4.6 Implication of Future Hazards 
The active uplift at 1 to 2 mm per year documented in this study for Saint Martin’s Island and 
previously for Ramree and Cheduba Islands (Wang et al., 2013) show that strain is accumulating 
in this region, which suggests that the subduction boundary could fail again in the future and 
generate another large earthquake. However, whether the whole segment will break or whether it 
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would break in smaller patches remains undetermined, at least with available data. If we assume 
that a total accumulated slip/strain will be released during one earthquake, considering the time 
and the accumulated slip, this 500 km long and 150 km wide fault is capable of causing as large 
as Mw 8.0 – 8.7 M earthquake (Hanks and Kanamori, 1979). Using the empirical relation 
between fault length and magnitude (Wells and Coppersmith, 1994), this fault has the potential 
for generating a Mw 8 earthquake. An earthquake of magnitude 8.0 – 8.7 would obviously prove 
devastating to neighboring cities and populations.  
The current uplift of Saint Martin’s Island suggests that at least some of the deformation of 
the frontal part of the accretionary prism is occurring aseismically.  We cannot tell if this frontal 
zone ruptures in large earthquakes, or only in some earthquakes as was the case for Tohoku. A 
better understanding of the deformation modes near the deformation front is critical for the 
geohazards of the megacity of Dhaka, which lies astride the deformation front in the next 
segment to the north. 
 
2.5 Conclusions 
Porites coral microatolls in Saint Martin’s Island at southernmost Bangladesh provide 
evidence of past earthquakes along the Chittagong-Arakan coast. The U-Th ages reveal the 
timing of a massive coral microatoll killing, corresponding to the 1762 Arakan earthquake.  Our 
GPS survey indicates that all dead corals are found at elevations ~2 meters above living colonies. 
The flat-topped microatolls suggest that the uplift associated with the Arakan earthquake was 
rapid. Previously, the evidence of rupture associated with the 1762 event has only been 
documented from the west coast of Myanmar (Aung et al., 2007, 2008; Wang et al., 2013), 
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located over 100 km to the south of our study area.  Thus, our study provides strong evidence of 
the deformation related to the Arakan earthquake. 
The subduction seismic cycle deformation was recorded from pre and post-earthquake in 
the corals. Annual banding in a coral growing prior to 1762 suggest interseismic subsidence at 
~2 mm/y, consistent with the elastic loading of the fault. The post-earthquake coral record begins 
~70 years after the earthquake when the new corals reached HLS and thus did not record 
immediate post-earthquake deformation. The subsequent motion, when corrected for sea level 
rise, shows uplift at a rate of 1.8 mm/yr. We suggest that this may be due to the aseismic folding 
of the St. Martin’s anticline following loading by the 1762 earthquake. This raises the question 
of how much of the deformation in the frontal part of the accretionary prism may be absorbed 
aseismically. Our study provides evidence for two other earthquakes in ~700 and in ~1140 C.E. 
If so, the recurrence interval of large earthquakes is on the order of 500-700 years. This interval 
is consistent with an estimate by from the coral and terrace study along the western coast of 
Myanmar.  
The evidence of interseismic subsidence, coseismic uplift, and the ongoing deformation 
suggests that that subduction zone is storing strain. While time since the last earthquake is still 
significantly less than the estimated recurrence interval, when the next earthquake occurs, the 
stored energy could be sufficient to cause an earthquake of Mw >8. 
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Chapter - 3 
3 Terraces along the Coast of Teknaf in Bangladesh 
Abstract 
 
 Multiple marine terraces have been documented along the west coast of Myanmar. The 
youngest terrace has been correlated to the uplift of 1762 Arakan earthquake.  In Bangladesh, the 
uplift from that earthquake was documented in a study of coral microatolls at Saint Martin’s 
Island. To the north of that island, the ~70 km long west coast of Teknaf is characterized by flat 
to semi-flat terrace surfaces followed by sharp topographic slopes. A geomorphic survey along 
the coast of Teknaf was conducted to look for a possible link to earthquakes by measuring the 
elevation and mapping the extent of those flat to semi-flat terrace surfaces. This chapter presents 
the results obtained from the coast of Teknaf using GPS (Global Positioning System) and 
analyzing the SRTM DEM (Digital Elevation Model). Three terraces have been documented at 
15 locations along this coast, and the youngest terrace is possibly linked to the 1762 Arakan 
earthquake but this has not been verified by age dating. 
 
3.1  Introduction 
The 1762 Arakan Earthquake ruptured the coast of Myanmar and Bangladesh (Wang et 
al., 2013; Chapter 2).  The earthquake was so strong that it uplifted coral colonies in Chebuda 
and Ramree islands in Myanmar by 4-6 m (Wang et al., 2013) and in Saint Martin’s Island in 
Bangladesh where corals were uplifted by 2.5 m (Chapter 2).  Uplifted marine terraces are found 
in many locations along the west coast of Myanmar as a result of the 1762 and prior earthquakes. 
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From south to north, two terraces at elevation of 3 and 5 m were formed along the coast of 
Thandwe in southwestern Myanmar (Aung et al., 2006). To the north, along the central western 
coast of Ramree and Chebuda islands, there are five terraces documented (Fig. 3-1). The 
youngest terrace was correlated to the 1762 earthquake (Wang et al., 2013). Further north, along 
the coast of Phayonkar island, three terraces were documented and dated using radiocarbon. The 
elevations of these terraces are 1-2 m, 5 m and 10 m and the ages are AD 1518-1810, AD 805-
1220 and 1395-740 BC, respectively (Aung et al., 2008) (Fig. 3-1). The youngest terrace was 
correlated to 1762 earthquake. Shishikura et al. (2009) conducted a survey in Bardail, in the 
Teknaf coast, SE Bangladesh documenting three and more terraces. The study suggested that the 
terraces nearest to the sea could be correlated to the 1762 Arakan earthquake. However, the lack 
of ages and detailed characterization kept the formation and evaluation of the terraces enigmatic.  
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Fig. 3-1: Number of terraces documented along the coast Myanmar (Modified after Wang 
et al., (2014)). 
 
The objectives of this study are to document the spatial extent and elevation of terraces along 
the coast of Teknaf. In this chapter, the results from the paleoseismic fieldwork conducted from 
2013 to 2016 along the coast of Teknaf are described.  
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3.2  Tectonic Context 
The tectonically active southeast coast of Bangladesh is an integral part of the convergence 
zone between the Indian plate and Burma microplate. The Indian plate is subducting obliquely 
beneath the Myanmar plate at a rate of 17 mm/yr (Rangin et al., 2013; Steckler et al., 2016). The 
convergence between the two plates has led to uplift, folding and faulting. Saint Martin’s Island 
is thought to have formed as part of this plate convergence as one of series of folds in the 
accretionary prism. The coast of Teknaf, 20 km NE from Saint Martin’s Island is along the 
western flank of the Dakshin Nila anticline (BAPEX, 1981). West of the foothills of the 
anticline, several terraces occur.  
The Dakshin Nila anticline is an elongated, asymmetric, and box-like structure with 
numerous longitudinal and transverse faults in it (BAPEX, 1981; Fig. 3-2). To the north of 
Dakshin Nila anticline, there is another anticline called Inani anticline, which is separated from 
Dakshin Nila by a low relief saddle. To the south, the Dakhshin Nila anticline plunges and 
merges with the coastal plain (DOE, 1999). The western flank of this anticline is highly eroded 
and is characterized by a sharp topographic break, whereas the eastern flank merges gently into 
the Naf river valley (Fig. 3-2).  
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Fig. 3-2: Location of the Dakshin Nila anticline shown on a Google earth image. Yellow 
line indicates the sharp topographic break. The red line shows the location of the seismic 
line that is shown in fig. 3-3.  
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The offshore and onshore sequences are separated by the Teknaf fault, and differ by their 
degree of deformation. The intensity of deformation increases from west to east (McKenna 
2006). East of the Teknaf fault, there are high amplitude compressional features and the 
deformed core of Dhakshin Nila anticline. West of the Teknaf fault, the offshore sequence is 
characterized by low amplitude subsurface anticlines (Fig. 3-3). 
 
Fig. 3-3: Seismic line showing the Teknaf fault and seismostratigraphic interpretation 
conducted by McKenna (2006) showing the major geologic formation. The location of 
the line is shown as a red line on Fig. 3-2. (Figure modified from McKenna, (2006)) 
 
The geomorphology and slope (Fig. 3-4 A) of the Dakshin Nila anticline suggests that the 
anticline was likely eroded by wave action as it emerged from the sea. The slope is steeper (30° – 
60°) on the western flank (Fig. 3-4 A). The eastern flank gently dips to the northeast and merges 
into the floodplain of the Naf river (Fig. 3-4 B, inset). The western flank of the Dakshin Nila 
anticline shows 0 – 10 m high flat terraces surface, where 0 m contour line denotes the sea level 
(Fig. 3-4 B). The contour lines 0, 10 and 20 m run parallel to topographic highs, which are 
highlighted by closed contour lines greater than 20 m.  
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Fig. 3-4: A) Slope map of Dakshin Nila anticline, western flank is steeper than the 
eastern flank as shown in the inset map. B) Contour map of the anticline; the western 
most contour is the 0 m contour which denotes the sea level. The 10 m and 20 m contours 
are parallel to the topographic high showing the possibility of having a flat to semi-flat 
surface, which could be terraces. Inset graph shows elevation profile along the red and 
blue lines on fig. B. 
 
3.3 Coseismic Uplift along the Rupture Zone 
The coseismic uplift of the 1762 Arakan earthquake was documented along the west coast of 
Myanmar and in the Saint Martin’s Island in Bangladesh using multiple methods such as the 
uplift of coral microatolls, geomorphology and a chronology obtained from U/Th dating.  
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From the south to the north, in Chebuda and Ramree islands, the 1762 earthquake ruptured 
two splay faults and uplifted a coral colonies (Wang et al., 2013) and marine terraces (Wang et 
al., 2014)(Fig. 3-5, box-c). The amount of the uplift was measured between 2 to 6 m. Wang et 
al., (2014) employed a remote sensing technique and analyzed DEM’s to identified the 
distribution of terraces along the Arakan earthquake rupture segment. 
The coseismic uplift in the Sittwe coast was 1.5 m (Fig. 3-5, box b;(Aung et al., 2007, 2008, 
2006; Thein et al., 2009)). Coral colonies in Saint Martin’s Island were measured with a high-
precision elevation survey documenting 2.5 m of uplift that was linked by a U/Th isotope 
chronology to the 1762 earthquake.  (Fig. 3-5, box a) (Chapter - 2). Based on these data, it is 
possible that the 1762 earthquake led to terrace uplift along the coast of Teknaf. However, it is 
important to mention that some of the terraces have been significantly altered by human activity 
and by natural sedimentation processes and thus uplift is not clear everywhere. 
 
Fig. 3-5: Uplift of 1762 Arakan earthquake along the west coast Myanmar (box b and c), 
and in Saint Martin’s Island (box-a). The location of the deformation front is conjectural 
(modified from Wang et al., 2014). 
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3.4 Preservation of Terraces in a Tectonic Setting 
Marine terraces, raised beaches or wave-cut platforms are emergent coastal landforms that 
were formed when relative sea level dropped either by global average sea level or coseismic 
uplift (Anderson et al., 1999). These geomorphic features provide an opportunity to study 
changes along the paleoshoreline, although these studies depend on finding a representative 
terrace that has been preserved and unaltered (Anderson et al., 1999). The fault scarp is produces 
by the offset that was caused by fault movement (Stewart and Hancock, 1990), that also 
produced step like landform. In an active tectonic setting, the terraces and scarps are altered by 
natural geomorphic processes such as sediment deposition from alluvial fans, colluvium 
deposition onto the terrace surface and erosion of terraces by local streams (Bull, 2007).  Besides 
the natural processes, anthropogenic activity, could alter the terrace surface (Ran et al., 2010).  
 
Fig. 3-6: Illustrating the modification of a fault scarp over time by natural erosion of the 
upthrown block. The erosion of the uplifted block covers the fault scarp by forming a 
colluvial wedge 1. Wedge 2 is the result of another earthquake. The figure highlights how 
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the deposits generated by the 1st earthquake is buried under the younger deposits (figure 
modified from Rubin et al., 1998).  
 A fault scarp is another geomorphic feature that is formed by vertical uplift related to an 
earthquake. It may not be permanently preserved but can be modified by subsequent earthquake 
related uplift (Fig. 3-6 A). Uplifted terraces from faulting are often associated with erosion and 
soil deposition forming colluvial wedges which make the fault scarp blind to observers (Fig. 3-6 
B) (Rubin et al., 1998). If a fault scarp is not visible, mapping the terraces could be challenging. 
It is even more difficult to identify a terrace if subsequent erosion of the uplifted block deposits 
sediment and covers the fault scarp forming another colluvial wedge on top (Fig. 3-6 D). Over 
time the scarp degrades, it is obscured by sedimentation and erosion and not reflective of the 
initial fault uplift (Anderson et al., 1999).   
 
 
Fig. 3-7: In an active coastal margin, coseismic uplift emerged the old wave-cut platform, 
and if preserved it developed into a terrace (Muhs et al., 2004). 
 
Along an active coastal margin, sea level erodes the bedrock and deposits marine sediments 
on top of a wave-cut bench (Fig. 3-7). A subsequent earthquake can cause uplift, the old wave-
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cut platform emerged from the sea, and the shoreline moves seaward (Anderson and Menking, 
1994). In Teknaf, the terraces are on the hanging wall of Teknaf fault (Fig. 3-3) and the Indo-
Burma megathrust, and thus would be expected to be uplifted by earthquakes. For the marine 
terrace to be preserved, uplift needs to be significant so that “normal sea level rise” doesn’t flood 
the marine terrace (Muhs et al., 2004). The sediment on the old wave-cut platform degrades and 
turns into soil over time. If the terrace is close to a hill or mountain, the existing channel that 
comes from the mountain brings sediments deposited as an apron of alluvium and colluvium 
(Rosenbloom and Anderson, 1994; Muhs et al., 2004). In most cases, mass wasting event deposit 
cover the terrace near the foothill.  
Degradation of marine terraces occurs in two different ways, 1) strong wave action  erodes 
the old marine terrace completely, and 2) strong river discharge incises the old marine terrace 
until the stream reaches base level, which is sea level (Anderson et al., 1999).  
 
3.5 Prior Work with Terraces Mapping 
3.5.1 Manual Methods 
Terrace investigation requires an extensive mapping effort, which involves field 
measurements as well as the analysis of topographic maps and aerial photographs. Using a 
theodolite and total station, Merritts et al. (1994) collected ~1300 data points along the Mattole 
River in California to construct a detailed map of the active channel and the terraces formed by 
the river. The manual mapping is always time consuming, but it provides an opportunity ground 
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truth large-scale remote sensing data, although the resolution of manual mapping may not be 
sufficient to draw the appropriate conclusion (Merritts et al., 1994).  
Combining manual and remote sensing method, Lavé and Avouac (2000) surveyed terraces 
in Siwaliks Hills, Himalayas of central Nepal. The mapping of the terraces was done by 
analyzing Landsat imagery in a broader scale. The result of image analysis then was then 
calibrated using the field surveys and sediment characterization. The elevation of the terraces 
was measured by GPS. The results are then used to estimate the Quaternary uplift rate (Lavé and 
Avouac, 2000). 
 
3.5.2 DEM Based Methods 
The DEM-based method or digital method was first employed by Collins (1973). DEMs are 
Digital Elevation Models. Digital elevation data was used to develop a digital terrain model to 
map and reconstruct a river terrace and watershed (Collins, 1973). The early public release of 90 
m resolution SRTM DEM was good enough for large-scale mapping but not adequate for 
mapping delicate variations among terraces (Stout and Belmont, 2014). The subsequent global 
release of SRTM 30 m, and development of 10 m and Lidar DEM facilitate the fine-scale 
mapping given that the Lidar DEMs have resolution of 1 – 3 m horizontally and 5 - 20 cm 
vertically. Furthermore, Lidar can eliminate the effects of vegetation and correctly map the 
ground surface (Zhang et al., 2003; Hodgson and Bresnahan, 2004). However, Lidar DEMs are 
not available globally and only available in a few locations around the globe. Therefore, 30 m 
SRTM DEMs have been widely used for geomorphic studies. For example, DEM analysis is 
extensively used in Higashikubiki, Japan to map the slope movement distribution such as stable 
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slope, landslide mass, landslide scarp and collapse scarp (Iwahashi et al., 2001). In the Eastern 
Tyrrhenian Sea, marine terraces have been mapped using high-resolution elevation histograms 
(Passaro et al., 2011). To conduct those analyses, the DEMs have been constructed from the 
bathymetry data, and horizontal to semi-horizontal surfaces were identified using the statistical 
distribution of elevation on histograms. In this chapter, we have used both manual and DEM 
based methods. 
3.6  Field and Laboratory Methods 
The fieldwork along the coast of Teknaf included the use of the 30 m SRTM DEM 
(Digital Elevation Model). The results were verified with high precision GPS measurements. The 
elevation of the terraces was measured using high-resolution Trimble NetR9 GPS with a Trimble 
Zephyr Geodetic antenna. The antenna was mounted on a fixed head Geodetic Tripod while the 
GPS collected the elevation data for 10 to 30 minutes. To obtain the high precision elevation, we 
used OMNISTAR real-time HP correction service (the service offers an elevation with ±5 cm 
accuracy). While, the GPS recorded the positioning data using satellites, an optical level 
(Theodolite) was used to measure the elevation of other points along the terraces using the GPS 
as a base station. The GPS instrument provides GPS ellipsoid height for each location.  The 
geoid height obtained from UNAVCO (https://www.unavco.org/software/geodetic-
utilities/geoid-height-calculator/geoid-height-calculator.html) was subtracted from the GPS 
ellipsoid height to estimate the orthometric height (the height above EGM96 geoid which 
approximates mean sea level).   
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Fig. 3-8: Photo of Trimble NetR9 collecting data with a Zephyr Geodetic antenna 
mounted on the top of a geodetic tripod.  
 
In the laboratory, the following steps were conducted.  
1. A Digital Elevation Model (DEM) was prepared from 30 m SRTM (Shuttle Radar 
Topographic Mission) data for the study area. The terraces were identified by their horizontal to 
gently dipping surface, bounded by steeply dipping scarps (Burbank and Anderson, 2011c).  
2. Multiple profiles were drawn from the foothill of the Dakshin Nila anticline to the beach 
using the Google Earth profile tool. The terraces were drawn with polygons creating a subset of 
the DEM with ArcGIS 10.3 software.  
3. The subset DEM was processed with “Fill” tool to remove the noise “peak” and “sink” to 
enhance the data integrity because the 30m SRTM DEM has 0.9 to 4.7 percent of the sink or 
impurity (Tarboton et al., 1991). Each subset patch is 500 m to 2000 m long.  
4. For each patch, the elevation data was extracted, and a histogram was calculated. The 
modal distribution of the histogram shows the elevation of a flat to semi-flat surface (Passaro et 
al., 2011). For example, three horizontal to semi-horizontal surfaces (Fig. 3-9 A) will result a 
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trimodal histogram (Fig. 3-9 B). In case of the DEM, the modes of the histogram return the 
number of DEM grids for the corresponding elevation. 
 
Fig. 3-9: Conceptual model using an elevation histogram for identifying terraces. A) 
Number of terraces.  (B) their corresponding histogram.  
3.7 Results 
3.7.1 From Fieldwork 
3.7.1.1 Morphological Characteristics of the Terraces 
The filed survey was conducted along the Teknaf coast for 40 km. Three gently sloping and 
stepped terraces were identified. The most recent step is named as T1. The other two steps are T2 
and T3. The terraces range from 500 m to 2000 m in width. Each terrace has distinct geomorphic 
characteristics.  
Terrace- 1 is closest to the sea and it is likely the youngest. This terrace lacks mature 
vegetation and a well-developed soil. Large boulders are found on the top of this terrace 
including a few of them with marine shells attached. Most of the boulders do not have shells and 
were likely formed as a result of the retreat by erosion of the adjacent anticline hills. This terrace 
is mostly cultivated.  
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Terrace- 2 is characterized by a slightly more mature soil and is also cultivated.  
Terrace- 3 is probably the oldest terrace and contains mature vegetation with large trees and 
very well developed soil. This terrace is heavily populated. One interesting finding in the 
southernmost portion of T3 that is closest to the beach are relic sand dunes. 
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Boulders (some of them
 have marine shells) Shell Bed
T2 T 3
EastWest
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Fig. 3-10: A) Oldest terrace: Terrace 3 has a highly oxidized and well-developed soil 
with mature vegetation on it. B) Terrace 2 has a well-developed soil and bush vegetation. 
C) Terrace 1 has no mature vegetation and has many boulders, a few are encrusted with 
shells. D) Schematic profile of the three different terraces showing the morphological 
characteristics. 
3.7.1.2 Elevation the Terraces from the GPS Survey 
The GPS survey was conducted in 15 locations (Fig. 3-12). We surveyed 44 points and 
obtained elevation from three different terraces using GPS and theodolite. We first identified the 
terraces using the morphological characteristics then obtained the elevation of the beach level 
with GPS and surveyed T1, T2 and T3 using theodolite from the beach to the foothill.  The 
elevations of T1, T2 and T3 are shown in Table 3-1. 
Table 3-1: Elevation of the T1, T2 and T3 measured by GPS and Theodolite. 
Point 
Number 
Longitude 
(DD.dd) 
Latitude 
(DD.dd) 
Elevati
on (m) 
Possible 
Terraces 
Point 
Number 
Longitude 
(DD.dd) 
Latitude 
(DD.dd) 
Elevati
on (m) 
Possible 
Terraces 
1 92.2796 20.8556 9.1 T3 23 92.0575 21.1691 5.0 T1 
2 92.2787 20.8554 5.0 T2 24 92.0404 21.3157 5.1 T1 
3 92.2710 20.8664 8.7 T3 25 92.0493 21.1922 6.5 T2 
4 92.2253 20.9187 5.0 T1 26 92.2130 20.9426 5.4 T1 
5 92.2245 20.9227 5.4 T1 27 92.2147 20.9389 5.8 T1 
6 92.2715 20.8662 6.0 T2 28 92.2140 20.9389 5.2 T1 
7 92.1347 21.0850 3.5 T1 29 92.2246 20.9229 7.9 T2 
8 92.1553 21.0626 7.6 T3 30 92.2265 20.9209 7.8 T2 
9 92.1539 21.0624 3.3 T1 31 92.2280 20.9216 13.6 T3 
10 92.1800 21.0352 8.7 T3 32 92.2238 20.9236 7.9 T2 
11 92.1797 21.0347 6.1 T2 33 92.2260 20.9232 13.4 T3 
12 92.1998 20.9825 8.3 T3 34 92.2233 20.9242 8.0 T2 
13 92.1991 20.9822 6.0 T1 35 92.2496 20.8936 12.4 T3 
14 92.1998 20.9823 8.7 T2 36 92.2479 20.8927 5.1 T1 
15 92.2178 20.9323 6.5 T2 37 92.2501 20.8857 4.7 T1 
16 92.1123 21.1102 13.6 T3 38 92.2528 20.8885 7.1 T2 
17 92.1119 21.1101 10.1 T2 39 92.2754 20.8475 3.8 T1 
18 92.1114 21.1099 8.6 T2 40 92.2830 20.8538 7.2 T2 
19 92.1109 21.1099 7.5 T2 41 92.1916 21.0089 5.1 T1 
20 92.1097 21.1095 7.5 T2 42 92.1918 21.0094 7.7 T2 
21 92.1086 21.1093 4.9 T1 43 92.1932 21.0107 12.6 T3 
22 92.0578 21.1693 6.2 T2 44 92.2077 20.9554 8.3 T2 
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The elevation of the T1, T2 and T3 ranges from 3.3 – 6 m, 5 – 10.1 m and 7.6 – 13.6 m, 
respectively (Table 3-1). The range for the measured elevation of the terraces is wide. But we 
have used the kernel distribution smoothing function to estimate the best probable elevation for 
the terraces. This smoothing function works better given that size of the dataset is small and has 
a polymodal distribution (Bowman, 1997). Kernel density distribution function for elevation 
(Fig. 3-11) shows that most of T1 terraces are 3m and 5m. Elevation of the T2 is peaks around 7 
m. The histogram distribution shows that the elevation for T3 was between 9 m or 13 m. 
Although the T2 is dominant at 7m, T1 and T2 show strong bimodal distribution. Some of the T3 
terraces have an elevation overlapping with T2 (Fig. 3-11; terraces with 9 m elevation), but they 
are morphologically different and shows different characteristics on their vegetation types and 
types of sediments available on them.  
 
 
Fig. 3-11: Kernel density probability function for T1 (Yellow), T2 (Green) and T3 (red). 
Bar diagram shows histograms of elevations obtained from GPS and Theodolite 
measurement on all three terraces. 
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3.7.2 Results from DEM Analysis 
One or more terraces were documented along the coast of Teknaf from DEM analysis. 
Their width extending from the foothills of Dakshin Nila anticline to the beach ranges from 69 to 
473 m including the scarps between terraces.  
 
 
 
Fig. 3-12: A) Survey Locations. Measured elevation plotted using yellow squares (T1), 
green circle (T2) and red inverted triangle (T3). The rectangles show the areas used for 
calculating the elevation histograms. B) Elevation histogram for each segment. Colored 
rectangles show the field measurements.  
The width of T1, T2 and T3 ranges from 12 – 178 m, 13 – 64 m and 12 -231 m 
respectively. The histogram analysis of the DEM shows three well-defined terraces at seven 
locations (SEG 2, 4, 5, 6, 7, 10, 11) and two terraces at the remaining locations (Fig. 3-12 and 
Fig. 3-16). The elevation of T1, T2 and T3 ranges from 3 to 7 m, 5 to 10 m and 9 to 13 m, 
respectively (Table 3-2).  
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Table 3-2: Width and elevation of T1, T2 and T3 obtained from DEM analysis. 
Name of the 
Segments 
Distance 
from Beach 
to Foothill 
(m) 
Width (m) Elevation(m) 
T1 T2 T3 T1 T2 T3 
SEG -1 415 178 ND 192 5 ND 10 
SEG -2 203 38 51 20 3 5 13 
SEG -3 254 63 ND 51 4 ND 10 
SEG -4 266 51 64 82 5 7 11 
SEG -5 143 21 25 25 3 5 13 
SEG -6 140 38 25 19 5 7 10 
SEG -7 151 25 13 24 5 9 12 
SEG -8 105 18 ND 24 6 ND 12 
SEG -9 69 18 ND 24 4 ND 9 
SEG -10 92 12 37 12 4 6 10 
SEG -11 115 19 43 19 7 10 13 
SEG -12 252 101 ND 21 5 ND 13 
SEG -13 241 46 ND 96 5 ND 9 
SEG -14 473 128 ND 231 5 ND 9 
SEG -15 418(?) 159 ND 203 5 ND 9 
 
Kernel density probability for the elevations obtained from DEM analysis shows that 
elevation of most of the T1 is around 4-5 m, T2 is around 7 m and T3 is around 9 to 13 m. This 
observation is similar to what was observed from the GPS measurements (Fig. 3-13). 
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Fig. 3-13: Kernel density probability function for T1 (Yellow), T2 (Green) and T3 (red). 
Bar diagram shows histograms of elevations obtained from DEM analysis on all three 
terraces. 
 
3.8 Discussion  
3.8.1 Uplift Mechanism of Terraces 
The terraces along the coast of Teknaf may have originated as a result of deformation of 
the box-shaped anticlines of the Indo-Burma fold thrust belt. This box-shaped fold contains 
thrust faults; some of them originated from the detachment (Steckler et al., 2008 ; Betka et al., 
2017, submitted). These faults play an important role since they provide a path for rupture 
propagation. When a rupture is nucleated in a region, it perhaps chooses a pre-existing active 
fault for propagation (Vallage et al., 2016; Oettle and Bray, 2017; Lin and Chiba, 2017; Renard 
et al., 2017). Fig. 3.3 shows a deep-rooted fault along the coast of Teknaf called “Teknaf fault” 
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which projects offshore as shown in Fig 3-3. When the fault ruptured the hanging wall moved up 
and old wave cut platform emerged from the sea. Similarly, an earthquake on the underlying 
megathrust would also uplift Teknaf. Over time, wave action eroded and developed a new cliff 
and a new wave cut platform (Fig. 3-7). The uplifts that occurred during the subsequent 
earthquakes may have formed the staircase setting of the terraces (Fig. 3-14) (Saillard et al., 
2009). However, in the case of our study, the terraces have not been dated except for tentative 
ages for T1. 
In our study area, only T1 has been tentatively dated but the ages are wide spread from 
1689-1875 AD and have not correlated with the 1762 earthquake (McHugh et al., 2015). The 
timing of formation of T2 and T3 terraces is unknown due to lack of dating materials. T2 has 
been altered by the inhabitants since the location of this terrace is favorable for settling and 
housing. T3 has been affected by sediment accumulation as a result of stream erosion and human 
settlements including housing.  
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Fig. 3-14: Effect of uplift rate variation on the costal morphology. Rapid uplift emerged 
the landmass and the terraces can be preserved above sea level (A, D). In contrast, slow 
uplift may cause complete coastal recession (B, C) (Modified from Saillard et al., (2009).  
 
3.8.2 Missing Terraces 
Although our survey has documented three terraces along the coast of Teknaf. The 
surface of T1 is almost continuous along the study area from SEG-1 to 15 and consistent around 
5 m (Fig. 3-15 and Fig. 3-16). T2 is discontinuous (Fig. 3-15 and  Fig. 3-17) in several locations 
(SEG 1, 3, 8, 9, 12 -15). The surface of T3 varies from 9 to 13 m. In segment 9, 13, 14 and 15 
A
B
C
D
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(Fig. 3-16; I, M, N and O) the elevation of the T3 is around 9 m (Fig. 3-15), which falls within 
the range of T2. Therefore, it seems both terraces merge at 9 to 10 m. However, the 
morphological characteristics match well with the characteristics of T3. Thus, we interpret that 
that T2 may not have been formed at these locations. To investigate why T2 is missing, we have 
looked into the topography of the anticline and conducted slope analysis. We also investigated if 
the preservation of the terraces is affected by the colluvial fans and stream erosion.  
 
 
Fig. 3-15: Elevation of the terraces along the coast of Teknaf from the SEG 1 to SEG 15 
(location of the segment is shown on fig. 3-12).  The number written near the red starts 
denotes the segment numbers (1-15). The red stars show the elevation of T3 in different 
segments, green circles show the elevation of T2, and yellow triangles show the elevation 
of T1.  
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The slope map of the study area suggests a correlation between higher slope and missing 
T2 terrace ( Fig. 3-17). In the locations that T2 is missing, segments 1, 8, 9, 12 and 13 the 
hillslope is more than 45 degrees (for example: Fig. 3-17 C, H, I).  Thus, T2 may have been 
covered by colluvial deposit from the adjacent hills (Muhs et al., 2004).  
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Fig. 3-16: Extent of the terraces documented along the coast of Teknaf from segment 1 to 
15. The location of the segments is shown in fig. 3-12. In each figure, yellow, green and 
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red shades show the extent of terrace T1, T2 and T3 respectively. Small inset on the 
lower left corner shows the profile across the terraces along the black line. The x-axis of 
the graph is the distance from the beach to the foothill in meters, and y-axis shows the 
elevation in meters along the black line.  
 
 Fig. 3-17: A to F) Location of segment 1, 3, 8, 9, 12, 13, 14 and 15 shown in fig. 3-12. 
The black outlined box shows the locations where the terraces were surveyed. The blue 
lines are the channels extracted from the DEM. 
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A conceptual model of how colluvial deposits can cover the adjacent terrace is shown on 
Fig. 3-18. Zgaier, (2008) investigated terrace denudation processes that take place after 
landslides. The landslides transport the sediment on top the terraces. Overtime the sediments 
degrade and turn into mature soil, which matches with the characteristics of T3, although in this 
case, T3 may not be a real terrace and perhaps the elevation could be less than the measured 
value. The longitudinal profile (Fig. 3-18 B) for these locations shows a horizontal surface for T1 
and then the gradual rise of elevation that suggests it is a colluvial fan deposit followed by the 
high angle rise of the hillslope. However, it is not clear from this observation whether T3 really 
existed or if it is the elevation of colluvial fan.  
 
Fig. 3-18: A) Conceptual model showing how the colluvial deposit affects the terrace 
morphology. T3 and T2 are covered by sediments derived from the hill slope. B) Profile 
across segment 8 and 9 (P to P’ on A) show the alluvial fan like structure. Extent of T1 
and possible colluvial apron shown on profiles. 
 
In segment 3, 14 and 15 T2 is also missing, likewise in segments 1, 8, 9, 12 and 13 (Fig. 
3-17 A, C, D). However, the cause of the missing T2 is different in this case. It is important to 
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mention that the terraces are wide in these locations and are characterized by the presence of 
numerous active channels. We have interpreted that T2 might have been eroded prior to the uplift 
of T1 (Collins et al., 2016). In segment 14 and 15, terrace 3 accommodated several active 
channels that run parallel to the terrace. T2 may have been eroded by those river channels ( Fig. 
3-17 E and F) (Wilson et al., 2006; Lavé and Avouac, 2000; Collins et al., 2016). 
Besides these natural phenomena T2 has been modified significantly by anthropogenic 
activity. This terrace is the most densely inhabited Terrace 1 is characterized by containing beach 
sand, some soil and cultivation and T3 is characterized by matured vegetation and hilly region. 
However, it is also possible that T2 was never uplifted, which can be explained by the low 
elevation of T3 observe in segment 3, 9, 13, 14 and 15 (Fig. 3-15). T1, T2 and T3 are not 
continuous at the 15 studied locations along the coast of Teknaf. It is very likely that the terraces 
represent a discontinuous rupture suggestive of a complex and commonly observed patchy 
pattern (Hayes et al., 2010b; Arrowsmith et al., 2017; Shi et al., 2017). 
 
3.8.3 Length of the Rupture 
Based on this study and previous studies, it is possible that the rupture of 1762 Arakan 
earthquake was extended from Faul Island in Myanmar to Saint Martin’s island and possibly to 
Teknaf (this has not been verified yet). However, we cannot determine whether Teknaf to 
Chittagong segment did rupture or did not as our study stopped at Cox’s bazar. More 
observations are needed from that region. But, an older report mentioned the evidence of ground 
fracture, mud volcano eruption and explosion and subsidence from Chittagong (Oldham, 1883). 
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This could be related to the rupture of the 1762 Arakan earthquake.  Historical accounts suggest 
that two mud volcanoes erupted at Sitakund in the Chittagong region during the earthquake. 
Although triggered by the ground motion, a mud volcano can erupt up to 100s of km apart from 
away from the rupture (Manga et al., 2009; Mellors et al., 2007), so this does not establish that 
the rupture extended that far north. To summarize, the study from Chebuda and Ramree Island 
(Wang et al., 2013) and from Sittwe island at Rakhine coast of Myanmar (Aung et al., 2006, 
2007, 2008) and finally from the study of coral microatolls of Saint Martin’s Island (Chapter 2) 
strengthen the findings of Cummins, (2007) the rupture to be 700 km long. 
 
3.8.4 Uplift Variability along 1762 Rupture Zone 
Our study confirms the total elevation change due to coseismic uplift in Saint Martin’s 
Island was ~2.5 m. Perhaps in Teknaf was 3-5 m but the age evidence is not definite. To the 
south along the Sittwe Coast of Myanmar, coseismic uplift was 1-5 m (Aung et al., 2008, 2006; 
Thein et al., 2009), and along Ramree and Chebuda Islands coseismic uplift was measured at 4 - 
6 m (Wang et al., 2013). Rupture zones are complex, and many factors can influence variability 
in coseismic uplift (Nakanishi et al., 2004). Possible causes for variability in uplift along the 
rupture zone could be a result of differential rates of subduction, fault geometry, slip distribution, 
type of rocks and variable sediment thickness and their consolidation states (Han et al., 2017). A 
recent study on Cascadia subduction system demonstrates that high consolidation of sediments 
inferred from estimated Vp of the sediment column may play a significant role on strain 
accumulation and slip behavior during rupture (Han et al., 2017).  
 
  
97 
3.9 Conclusion 
Using DEM and GPS, we have surveyed the western flank of the Dakshin Nila anticline 
where we have mapped terraces in 15 locations. These terraces are discontinuous over ~40 km 
along the Teknaf coastline. In several locations, T2 was not clearly identified. We have 
interpreted that colluvial deposits may have covered T2 terrace as these segments are located 
where the scarp slope is higher and landslides are more common. Another explanation suggests 
that the T2 may have been eroded due to stream processes where the terrace width is higher ~400 
m. T3 is also identified by the characteristic of the surface sediments. However, it is possible that 
we may have identified the colluvial fan as T3 in one site. Among all terraces, T1 is the best 
characterized and possibly linked to 1762 earthquake but not verified yet and further work is 
needed strengthen this observation. 
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Chapter 4 
4 Fault Geometry Estimation and Inversion for Slip Distribution from the 
Coseismic Uplift of the 1762 Arakan Earthquake 
Abstract 
 
In this chapter, the geometry of the fault and slip distributions on the rupture plane of the 
1762 Arakan earthquake were estimated using a 2D (two dimensional) fault dislocation model. 
Previous studies using the uplift of Ramree and Cheduba island from western Myanmar coast 
incorporating a 1D fault model suggested that upper plate structure may have played a significant 
role in the earthquake. This modeling study utilizes the uplift data of 1762 earthquake obtained 
from coral microatolls from the Saint Martin’s Island (chapter 2), and the elevation of youngest 
terraces from Teknaf coast, which has been possibly linked 1762 Arakan earthquake pending 
further age verification (Chapter 3), along with the published uplift data from the western 
Myanmar coast. The model suggests that the fault is dipping at ~15° to the northeast and the 
coseismic slip during the earthquake was ~15 m. The slip distribution suggests that the 
earthquake may have caused high slip near Ramree and Chebuda island and lower slip along the 
SE Bangladesh coast. Failure of the upper plate may have influenced the rupture as revealed 
from the slip distribution.  
 
4.1 Introduction 
The rupture geometry and the coseismic slip distribution of the 1762 Arakan earthquake 
is poorly known, given that the subsurface fault geometry is not well understood (Cummins, 
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2007; Wang et al., 2013). In this chapter, different rupture geometries were tested to fit the 
observed uplift pattern along a probable rupture region. The result of this modeling exercise has 
a non-unique solution because of the lack of sufficient control points. Nevertheless, it provides a 
framework by which possible solutions can be narrowed down. A similar approach has been 
used to understand the geometry and rupture mechanisms of the 1797 and 1833 Mentawai 
earthquakes (Philibosian et al., 2014), the Sumatra segment (Tsang et al., 2015) and the 2010 
Haiti earthquake (Hayes et al., 2010b; Symithe et al., 2013). 
Wang et al., (2013) suggested three rupture geometry models for the fault segment 
associated with Ramree and Cheduba islands (Fig. 4-1). 1.) A simple megathrust model with 
simple 1D linear fault at 16° dip but variable slip on the fault. 2.) A ramp megathrust model 
consisting of a fault dipping at 10° and a ramp of 30°. 3) A megathrust containing two splay 
faults dipping at 45° and connected to the megathrust beneath the eastern limb of the anticlines.  
In all three cases, the megathrust produces a double hump coseismic uplift, even though the 
long-term uplift is different for three different models as shown in Fig. 4-1(lower panel).  The 
present geography of the Ramree and Cheduba island matches best with the long-term uplift 
pattern of splay fault model. Therefore, it was proposed that the rupture may have propagated 
through two splay faults in Ramree and Cheduba islands (Wang et al., 2013).  
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Fig. 4-1: Illustrates three different rupture models suggested by Wang et al., (2013). 
Simple megathrust model supports coseismic uplift as a simple pattern whereas the splay 
model supports a double hump uplift pattern (Modified from Wang et al., 2013).  
 
  The observed data from Ramree and Cheduba islands was fitted by Wang et al. (2013) by 
using a 1D splay fault model with a slip of 9-16 m (Fig. 4-2) and a locking depth of 30-32 km. 
The northern profile of Ramree Island shows 16 m of slip distributed through two splay faults 
where the slip on each fault is 8 m. On the contrary, the southern profile for Cheduba Island 
shows variable slip on the main fault and two splay faults. This profile shows 9 m of slip 
distributed through two splay faults by 5 m and 1.5 m including 2.5 m slip on the updip end of 
the main fault (Wang et al., 2013). In the above model, the fault width has been assumed to be 
~100 km and the length has been assumed to be 500 km from Ramree to Chittagong (Wang et 
al., 2013) which is smaller than the previously proposed length of the rupture – 700 km 
(Cummins, 2007). 
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Fig. 4-2: Slip distribution across the Ramree and Chebuda island. Upper left figure shows 
the best fit model for the observed uplift for northern Chebuda and central Ramree island. 
The lower left figure shows 16 m of slip distributed by two splay faults originating at the 
depth of 30 km for that area. The upper right figure shows the best fit model for the 
observed uplift for southern Chebuda and southern Ramree island. The lower right figure 
shows 9 m of slip distributed by two splay faults originating at a depth of 32 km for that 
area (Modified from Wang et al., 2013). 
 
North of the Arakan segment, the fault geometry for the Sylhet – Chittagong segment has 
been inferred from fitting a simple elastic fault dislocation model with observed GPS data. The 
best fit model suggests that the 400-km long fault is dipping at an angle of 9° and is locked at the 
depth of 26 km (Steckler et al., 2016). The convergence rate is 17 mm/yr and there hasn’t been a 
rupture in the past 400 yrs. This condition makes this fault vulnerable to rupture any time in the 
future with a magnitude of M 8.2 – 9.  
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Since there is a little control of the fault geometry, I use a 2-D planar fault. The goal of this 
study is to infer a 2-D planar fault, rupture geometry and slip distribution using a least squares fit 
to a dislocation model and finally estimate the best-fitting non-uniform slip distribution along the 
fault plane using inversion technique. 
 
4.2 Data and Model Setup 
To conduct this analysis, the uplift data from the Saint Martin’s Island (Chapter 2), Teknaf 
(Chapter 3) and Ramree and Cheduba Island were used. The Saint Martin’s Island data includes 
the elevation for those corals that died during 1762 earthquake. From Teknaf, the elevations of 
the youngest terrace were used since it is most likely correlated to the 1762 rupture. The dataset 
for the Myanmar segment was obtained from Aung et al. (2007; 2008), Thein et al. (2009) and 
Wang et al. (2013; 2014). Forty one data points were used in the models (Table C1).  
 
Fig. 4-3: Amount of uplift reported from the coasts of Myanmar and Bangladesh.  
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To set up a simplified model, 650 km x 300 km modeling space was constructed that is 
parallel to the rupture segment of 1762 earthquake to include Faul island, Ramree and Cheduba 
island from Myanmar coast to the south, and Saint Martin’s and possible Teknaf coast from the 
SE coast of Bangladesh (Fig. 4-4). The fault was extended ~50 km south of Chebuda island to 
~50 km north of Elephant Point, 450 km in length and 200 km in width. The northern most point 
was measured by a GPS survey conducted 2013 through 2016.  The location of the fault at the 
surface was arbitrary and set to move from 0 km to 90 km in the model perpendicular to the fault 
line (Gray shade in Fig. 4-4). The locking depth for this fault was set to be 30 km, similar to that 
of Wang et al. (2013). The shear modulus and the Poisson ration were fixed at 3.3 x 1010N/m2 
and 0.25 respectively (Table 4-1). 
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Fig. 4-4: Model space showed by the gray grid; blue grid shows the fault plane. The 
surface trace of the fault allowed to move along SW to NE from 0 km to 90 km. 
Table 4-1: Model parameters for forward modeling 
 Parameters Value 
Constants Shear modulus 3.3 x 1010N/m2 
Poison ratio 0.25 
Variables Fault location 0 to 90 km 
Slip uniform 0 to 50 m 
Dip of the fault 5 to 50 Deg 
Locking depth 30 km (Wang et al., 2013) 
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4.3 Method 
This chapter uses the forward modeling approach to estimate best fit model geometry and 
the inversion approach to estimate non-uniform coseismic slip along the fault plane. 
 
4.3.1 Forward Approach 
 The coseismic uplift was calculated using GTDef computer program (Chen et al., 2009; 
Newman et al., 2011; Feng et al., 2012). The GTDef computer program is a set of MATLAB 
routines that calculate Okada deformation in an elastic half-space. One thousand models were 
run using the combination of parameters mentioned on Table 4-1. For each model, a misfit was 
computed between the estimated and observed deformation in 41 locations. Then the fault 
parameters were selected based on the best fit model. 
 
4.3.2 Inversion 
To estimate the coseismic slip distribution on the fault plane, we have modeled the surface 
deformation that was measured in Saint Martin’s Island, Teknaf, Ramree and Chebuda islands in 
an elastic half-space. The fault plane was divided into 200 small patches. 20 patches along the 
strike and 10 patches along dip. Each patch is 22.5 x 10 km in size. Using these parameters, we 
calculated the Green Functions on each path of the fault plane using the observed uplift values. 
In order to avoid excessive rough slip distribution, we smoothed the model via a finite difference 
approximation of the Laplacian operator (Jónsson et al., 2002).  
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The linear inversion was carried out on observed data points using equation 1 (Menke, 
2012).  
N = OP        --------------------------------- 1 
Here, d id the observed data and, m is the slip in response to the matrix G. Inversion 
requires smoothing the slip distribution which can be expressed by the Laplacian operator Ñ 
(Hashima et al., 2016). 
∇	= >(ST>UV( + >(ST>U(( " NWFNW""XYF                           ---------------------------------- 2 
Here,	WFand 	WF are the location parameters expressed by local coordinates and x is the slip 
vector. The relative weight of the Laplacian operator Ñ is specified by the smoothing factor Z	([\]]\) and estimated by equation 3. 
Z∇^ = 0                                                       -----------------------------------3 
     The slip vector x has been estimated by solving equation 1 and 3 using least square solution 
method (Equation 4).  
^ = (O6O + Z"∇6∇):FO6N               ---------------------------------------4 
The inversion was run for a range of kappa values from 100 to 5000 to estimate the misfit. 
The optimum kappa value was selected from the trade-off curves between, roughness and misfit.  
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4.4 Result and Discussion  
4.4.1 Best Fit Fault Geometry (Forward Modeling Result) 
The misfit between the observed and estimated deformation shown on Fig. 4-5. shows a 
definite pattern of distribution. The models for dips under 20° and slip from 10 – 25 m are within 
the low misfit zone (Fig. 4-5), which suggests that the models are sensitive to the dip and slip. 
The misfit range increases as the fault location changes and increases from 0 to 70 km.  
 
Fig. 4-5: Misfit calculated for various slips and dips for many fault locations.  
Since it is difficult to select a single best fit model from the misfit mapping, a statistical 
technique was employed to find the best fit model. The misfits for all models were sorted and a 
cluster with the lowest values consisting of four models was selected. The low misfit ranges from 
0.853 – 0.886 m RMS. Since, the misfit residuals are closed, we plotted the first 4 models and 
visually checked the results that fit well with the previously proposed models and our geologic 
understanding.  
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Fig. 4-6: Misfit for all models sorted in increasing order. Misfits were clustered in groups 
of 4 – 10 models with low variance. The first cluster with low value has 4 models that are 
shown in fig. 4-7. 
  
The first model that has misfit of 0.853 which is the best fit model in this solution and 
represents 25 m of slip. The fault is located almost ~60 km offshore (30 km NE from the 
boundary of the model space) with 10° dip (Fig. 4-7). The second and fourth models have a 
misfit of 0.885, with a fault slip of 20 m and 15 m, respectively, and faults located at 40 km and 
20 km offshore (50 and 70 km from end of grid), respectively (Fig. 4-7).  The third model in this 
cluster with a misfit of 0.886 has the fault located almost 30 km offshore (60 km from end of 
grid) with a dip of 10° and a slip of 20 m. The best fit models are limited to this range of 
positions. If the fault is farther west, the easternmost data points shift into the region of 
subsidence. If the fault is farther east the fault moves beyond the uplift at Saint Martin’s and 
Cheduba Island.  
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Although, among the four models the first model statistically fits better with the observed 
data and the slip and dip (16 m along the northern part of the Chebuda and Ramree islands with a 
dip of 15° (Wang et al., 2013)) of the fourth model agreed best with the previously proposed 
models, the location of the fault cannot be geologically justified for the best fit model. There is a 
trade off between the fault location and the slip and a numerically best fitting model is not 
necessary the most physically realistic. Statistically, the difference between these models are 
insignificant. It is, therefore, necessary to constrain the location of the fault to be the one that 
geologically makes the most sense. The model described in Wang et al., (2013) shows a fault tip 
is located ~30 km west of the Cheduba island (Fig. 4-2). The surface projection of the fault tip is 
located at the base of continental slope as it is revealed from the multichannel seismic line 
captured from the south of Cheduba Island (Rangin and Muarin, 2009). The is the location of the 
“trench” at other heavily-sedimented subduction zones. Constraining the location of the fault 30 
km to the west of Cheduba Island matches well with our 2nd model shown in Fig. 4-7. Therefore, 
for future calculation, the fault located at 50 km from the left edge will be used. This is in the 
middle of the acceptable range of fault positions.  
The difference of misfit between 4 models is not very significant, and there is a clear 
trade-off among fault location, slip and dip. The misfit rises slightly as the fault location moves 
from west to east in our model space (Fig. 4-7).  As the fault moves further out from coastline, 
higher slip is required to fit the observers uplift data. Also, increasing dip requires lower slip on 
the fault plane. Therefore, the suite of best fit models are distributed over a range of slip (15-25 
m) and dip (10 – 15°) as suggested from the misfit distributions shown in Fig. 4-7.  The misfit 
distribution for fault at 50 km from fig. 4-5 remains low around 15-25 m of slip and 10 – 15° dip.  
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Fig. 4-7: Upper panels show the fault geometry for four best fit models. The green circles 
are the data points, the red area shows the uplift pattern, whereas blue shows the area of 
subsidence. The lower panels show the fault geometry used to estimate surface 
deformation. The best fit parameters are written below each model. As, the fault location 
moves from west to east the slip decreases and dip increases. Low dip requires higher slip 
to produce the desired uplift. 
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4.4.2 Non-uniform Slip Distribution (Inverse Model Result) 
For inversion, we have placed at the fault at 50 km in our model space. We have run two 
models for 10° and 15° dip and inspect the change of the slip distribution on the fault plane. 
4.4.2.1 Model Validation 
We have tested the inversion model for a range of roughness values, and evaluated the 
model performance using the checkerboard resolution test.  
Roughness vs. misfit 
 
The result of the inversion techniques produces a non-unique solution that depends on the 
model smoothness. A more variable model is better able to fit the individual uplift values, but 
produces physically unrealistic variations in slip. On the other hand, the misfit of the model 
increases with increased smoothness. Therefore, it is necessary to select an optimum smoothness 
(Chen et al., 2009; Newman et al., 2011). The misfit has been calculated for the kappa value 
ranges from 100 to 5000. The calculated misfit shows that WRMS increases slowly from kappa 
of 100 - 1000. After 900 - 1000 kappa the misfit increases rapidly up to 1.13 (Fig. 4-8).  
Therefore, the inflection points of the misfit curves are at 900 kappa for the model with 15° and 
1000 for the model with 10°, which were used to estimate slip distribution.  
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Fig. 4-8: Trade-off curve between roughness and misfit. The inflection points of the 
curves represent smoothness that was used to estimate the slip on the fault plane. A) Fault 
model 15° dip, the best trade-off between weighted misfit and roughness at Kappa 900. 
B) Fault model 10° dip, the best trade-off between weighted misfit and roughness at 
Kappa 1000. 
Checkerboard resolution test 
 
The spatial capability of this model to predict the slips was verified by using the 
checkerboard resolution test, which is otherwise known as the slip recovery test (Newman et al., 
2011). This test was carried out by estimating a synthetic uplift using a synthetic slip distribution 
that ranges from 0 to 1m. The black patches have the slip of 1 and white patches have the slip of 
0.  Then the synthetic slip was distributed as shown in fig. 4-9.  This produces a range of uplift at 
the data sites. Then the slip was re-estimated using this synthetic uplift data at the location of the 
data points, including the uncertainties (Barnhart and Lohman, 2010).  
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The results from the test show that the model was able the recover slip better where the 
data points were well distributed (Fig. 4-9), although there is lot of scatter. The region with the 
best recovery is shown by the green outline.  The downdip end of the fault plane shows poor slip 
recovery caused by the lack of data points in this region. The central parts from updip and 
downdip region in both models were not recovered well, because this section is lacking data 
points. Therefore, the predicted slip from region with more data points is more constrained than 
the downdip region.  
 
Fig. 4-9: Checkerboard resolution test of the spatial distribution of the uplift data from 
Myanmar and Bangladesh. Left figure: Synthetic slip distribution to estimate 
deformation. Black patches represent the slip set to 1 m and the white patches represent 
the slip of 0. Middle figure: Slip recovered using kappa value of 900 for the model with 
0
50
100
150
200
250
300
350
400
450
Distance from 
Fault tip (km)
Di
sta
nc
e 
alo
ng
 st
rik
e 
(k
m
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Fault Dip 15 Deg
Kappa 900
Fault Dip 10 Deg
Kappa 1000
0                        96
Distance from 
Fault tip (km)0                        98
 
  
114 
15° dip. The area with the best recovery is shown by the green outline. Right figure: Slip 
recovered using kappa value of 1000 for the model with 10° dip.  
 
4.4.2.2 Model Result (Slip Estimation) 
The slip was estimated on 200 patches along the fault plane.  Along strike, the slip is 
higher near the west coast of Myanmar beneath Ramree and Chebuda Islands and Teknaf. 
Almost, 12 - 16 m of maximum slip is distributed near Teknaf and Ramree - Chebuda Islands for 
the fault dipping from 10 - 15 m (Fig. 4-10). The slip distribution is lower at the down dip region 
of the fault, although this region shows very poor recovery (Fig. 4-9). The inversion for both 
models show high slip near the updip region of the fault plane, but the result cannot be 
trustworthy since the checker board test shows poor recovery in this region. Higher slip perhaps 
is the result of leakage from the distribution of the three points near Sittwee coast. The model 
used these three points to force the uplift thus produced higher slip near the fault tip.   
Thus the slip distribution in these models mostly controlled by the distribution of the data 
points. It is noteworthy that the estimation for Cheduba and Ramree Island produced slip (14 – 
16 m), similar to the 9 -16 m that was estimated by Wang et al., (2013). Thus, the estimated slip 
(13-15 m) from Teknaf region, the other region with good control is not unreasonable (Fig. 
4-10).  Between the models with dip of 15° and 10°, the later model appears to agree with Wang 
et al., (2013) better, which could be function of the dip of the fault.  A lower dipping fault 
requires higher slip to produce same amount of uplift than the more highly dipping fault.  
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However, it is important to mention that we have observation limitations. The data points 
are well distributed along strike, the distribution is not very good along dip due to observations 
being concentrated at the coast.  In addition to that, the model is assumed to be homogenous, but 
this may not be the case since the northern part of the rupture segment is overlain by a thicker 
16-19 km thick sedimentary column while at the southern part, the sediments are 8-11 km thick. 
Some of the slip may have been absorbed by the thick unconsolidated sediments (Avouac and 
Tapponnier, 1993; Paffenholz and Burkhardt, 1989; Replumaz and Tapponnier, 2003) and the 
shallow detachment in the delta region. Also, the slip was estimated on the planar fault, adding 
the three dimensional shape could change the slip estimation.  
 
Fig. 4-10: Estimated slip distribution on the fault plane. Higher slip located beneath 
Ramree and Chebuda island and Teknaf. A) Slip distribution for the fault dipping at 15°. B) 
Slip distribution for the fault dipping at 10°. The circles show the observed uplift. The 
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graph on the both plots show the maximum slip distribution along strike. The maximum 
slip averaged using the grids adjacent to the data points with best fits as shown by blue 
outline. 
4.5 Conclusions 
The fault geometry and slip distribution of the 1762 Arakan earthquake was modeled 
using uplift data along the rupture segment from the Ramree and Cheduba islands in Myanmar to 
the SE coast of Bangladesh and the Saint Martin’s Island.  
The forward model suggests that the fault was dipping at 15° ± 5° to the northeast and 
slipped 15 -25 m. The inversion shows the fault to be 10° dip and maximum slip to be 16 m near 
Ramree and Chebuda island and 14 m near Teknaf. The slip distribution suggests that the 
earthquake may have caused highest slip near Ramree and Chebuda island and possibly Teknaf. 
These are the only well constrained areas of the slip. Variation along strike and up and down dip 
is likely controlled by the distribution of the data points and cannot be considered conclusive.  
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Concluding Remarks 
The aim of this dissertation was to provide the evidence of 1762 Arakan and prior 
earthquakes from the southeast coast of Bangladesh. Historical records described that extensive 
damage resulted from that earthquake. Previous investigations reported the evidence of this and 
other prior earthquakes from the west coast of Myanmar. This dissertation focused on the Saint 
Martin’s Island (the north of the west coast Myanmar) to investigate the dead and live coral 
microatolls, and the coast of Teknaf to investigate distribution of terraces. The main methods 
used to conduct this investigation were U/Th dating of coral microatolls, high precision GPS 
(Global Positioning System) topographic survey, DEM analysis and fault dislocation modeling.  
The key contribution of this doctoral research includes the discussion of deformation that 
occurred during 1762 Arakan earthquake along the northern Sunda subduction- Indo-Burma 
subduction. In chapter 2, U/Th ages of the dead and live coral microatolls along with their 
elevation suggested ~2 m of coseismic uplift. Based on annual banding patterns and 
reconstruction of the highest level of survival, coral microatolls recorded a tectonic subsidence 
rate at of 2.2 ± 0.8 mm/yr prior to their uplift, consistent with elastic strain accumulation before 
the earthquake. In contrast, similar analyses of a living coral suggest the island is presently 
experiencing uplift, at a rate of 1.8 ± 0.1 mm/yr and suggests that the anticline underlying Saint 
Martin’s Island is actively deforming. Our study also estimated a possible recurrence interval of 
this earthquake to be ~500 years, since two additional earthquakes took place in ~700 and ~1140 
C.E. In chapter 3, DEM analysis and GPS survey documented evidence of three terraces. The 
youngest terrace is possibly linked to the 1762 Arakan earthquake although more work is needed 
to strengthen this result. Based on this tentative result, the rupture has been provisionally 
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extended up to Saint Martin’s Island from Faul island of Myanmar. In chapter 4, the modeling 
study suggested the fault dip to be 10 - 15° and slip to be 15 - 25 m. We found the slip of greatest 
near Ramree and Cheduba Island and near Teknaf. However, it is important to mention that that 
this estimation may vary based on what shear modulus was used in the model. In this model we 
have used, the standard shear modulus for the crust. Lower shear modulus would have produced 
higher slip on the fault plane. 
The result of this dissertation provides a new perspective of the paleoseismic research 
along the west coast of Bangladesh. This is the first ever study of the Saint Martin’s Island corals 
to report the evidence of 1762 earthquake. The study also provides the pre- and post- earthquake 
interseismic deformation record that supports the understanding of anticline building process 
such as Saint Martin’s anticline. This finding also supports that the deformation pattern can be 
non-linear and may not be explained by conventional purely elastic fault dislocation models 
(Chapter 2). The result from the terraces study shows the complexity and uncertainties of 
terraces formation along a tectonically active coast, which is also anthropogenically modified by 
natural and anthropogenic activities. The result tentatively supports that a rupture can be 
discontinuous and patchy, thus complex as well (Chapter 3). The modeling study (Chapter 4) 
strengthens the findings of Wang et al., (2013) that the fault may have slipped at 15-25 m with 
the dip of 10 – 15°. This also suggests that higher slip was accommodated near Ramree - 
Chebuda, and Teknaf – Saint Martin’s Island region.  
It is important to mention that the result from the terrace study need to be strengthened by 
obtaining ages from the three different terraces. A detailed map of the terraces would benefit 
from a very high-resolution LiDAR survey, which would eliminate the vegetation effect from the 
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DEM. The interseismic deformation cannot be studied due to the lack of geodetic record. 
Although a tidal station is located on the eastern flank of the anticline, the record is 
discontinuous and shows datum shifts that were not explained and recorded in the station log 
book. Thus, it was not used in this dissertation. A long term continuous GPS can record the 
interseismic deformation and thus help to improve the understating anticline building process. 
For modeling, the spatial coverage of the uplift data was not sufficient enough to fully recover 
slip on the fault plane. Although the data points were well distributed along strike, it was not so 
along the dip of the fault near the coast of Bangladesh. More spatially distributed data points 
could have produced more tangible model results. Thus, more studies across the international 
boundary along the east bank of the Naf River in Myanmar would be useful to document whether 
that coast was also affected by the coseismic deformation of the 1762 earthquake. 
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Appendix: 
Appendix A:  Data from chapter -2 
 
Table A1: Historical evidence of 1762 Earthquake table compiled from Alam et al., (2013) 
 
 
Na
me
 
La
titu
de
 
Lo
ng
itu
de
 
Int
en
sit
y M
M
I 
Li
qu
efa
cti
on
 in
 
the
 M
ain
lan
d  
Flo
od
ing
 of
f t
he
 
co
ast
 of
 B
OB
 
Inu
nd
ati
on
 of
 th
e 
Ri
ve
r B
an
k 
La
nd
sli
de
 
Up
lif
t 
Gr
ou
nd
 Sh
ak
ing
 
Co
sei
sm
ic 
su
bs
ide
nc
e 
W
ate
r L
ev
el 
Ra
ise
d i
n t
he
 
riv
er 
Ri
ve
r D
rie
d U
p 
M
ud
 V
olc
an
o 
Co
lla
ps
ed
 H
ou
se 
Akilpukur 22.5 91.72 10 1 1 0 0 0 0 0 0 0 0 1 
Baharchara 22.42 91.93 10 1 1 0 0 0 0 0 0 0 0 0 
Bahngoo_Chang 19.81 93.98 8 1 0 0 0 0 1 0 0 0 0 1 
Bajalia 22.14 92.12 9 1 0 0 1 0 0 0 0 0 0 1 
Bandarban 22.11 92.18 8 0 0 0 0 0 1 0 0 1 0 0 
Begamganj 22.56 91.06 8 1 0 0 0 0 0 0 0 0 0 0 
Burumchhara 22.13 91.85 10 0 1 0 0 0 1 0 0 0 0 0 
Chander-nagore 22.85 88.35 7 0 0 0 0 0 1 0 0 0 0 0 
Chittagong 22.59 91.57 9 0 0 0 0 0 1 0 0 0 0 0 
Chittagong 22.59 91.57 9 0 0 0 0 0 1 0 0 0 0 1 
Chittagong 22.33 91.83 8 0 0 0 0 0 1 0 0 0 0 1 
Chittagong_coast 22.59 91.57 10 1 0 0 0 0 0 1 0 0 0 0 
Dhaka 23.72 90.35 6 0 0 0 0 0 1 0 1 0 0 0 
Dohazari 22.16 92.07 9 1 0 0 0 0 1 0 0 0 0 0 
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Hurry_Singh_Hazari 22.16 92.07 8 0 0 0 0 0 1 0 0 0 0 1 
Goyparah 22.34 91.83 8 1 0 0 0 0 1 0 0 0 0 1 
Halda_River 22.43 91.88 9 1 0 1 1 0 1 0 0 0 0 0 
Howla 22.43 91.88 10 1 0 0 0 0 1 0 0 0 0 1 
Kodala_near_Kriver 22.45 92.06 9 0 0 0 1 0 1 0 0 0 0 0 
Lakshmipur 23.03 90.66 9 0 0 0 0 0 0 1 0 0 0 1 
Madhupur_terrace 24.1 90.2 9 0 0 0 0 1 0 0 0 0 0 0 
Pathorgatha 22.33 91.83 9 1 0 0 0 0 0 0 0 0 0 1 
Sitakund 22.62 91.67 9 0 0 0 0 0 1 0 0 0 1 0 
Suabil 22.64 91.79 9 1 0 0 1 1 0 0 0 0 0 0 
Barrackpore 22.76 88.37 5 0 0 0 0 0 1 0 0 0 0 0 
Cossimbazar 24.11 88.28 5 0 0 0 0 0 1 0 0 0 0 0 
Kolkata 22.28 88.22 6 0 0 0 0 0 1 0 1 0 0 0 
Murshidabad 24.17 88.27 6 0 0 0 0 0 1 0 0 0 0 0 
Arakan 19.81 93.98 7 0 0 0 0 0 1 0 0 0 0 0 
Cheduba_Island 18.82 93.62 9 0 0 0 0 1 1 0 0 0 1 0 
Foul_Island 19.19 94.77 9 0 0 0 0 1 1 0 0 0 1 0 
Pegu 17.19 96.29 6 0 0 0 0 0 1 0 0 0 0 0 
Ramree_Island 19.1 93.78 9 0 0 0 0 1 1 0 0 0 1 0 
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Table A2: Coral samples with Calcite (more than 0.2 %wt) 
 
Sample % Calcite 
SM C5a ND 
SM C5b ND 
SM C16 ND 
SM D7 ND 
SMD13 1.10% 
SM 02-06 ND 
SM-C-6 0.17% 
SM C-10 0.16% 
SM C-11 0.18% 
SM D-7 0.14% 
A-02-01 0.10% 
A-06-01 0.11% 
A-06-02 0.08% 
A-06-03 0.07% 
D-03-01 0.45% 
D-03-02 1.22% 
D-04-01 0.16% 
D-04-02 0.13% 
D-04-03 0.12% 
A-05-01 0.06% 
A-05-02 0.09% 
A-05-03 0.10% 
D-09-01 0.10% 
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D-09-02 0.17% 
D-09-03 0.13% 
A05-01-01 ND 
A5-02-01 ND 
D08-01 ND 
A5-06-01 0.001 
A5-03-01 ND 
A5-05-01 ND 
A5-07-01 ND 
 
 
Table A3: U/Th ages of the coral samples collected from the Saint Martin’s Island 
 
Sample No Type Samp
ling 
Tool 
U 
(ppm) 
232Th 
(ppt) 
[234U/238U] [230TH/232
TH] 
[238U/2
32Th] 
[230Th/238
U] x 103 
δ234Ui C.E. Date 
(uncorrect
ed)a 
C.E. Date 
(corrected 
using 
Initial 
Th)b 
 Isochron 
C.E. 
Datec 
C.E Date 
with 
Uncertain
ty 
SMC05 
             
SM C5a 
Chunk/
edge HC 
2.852 ± 
0.001 
1050 ±
1 
1.1460 ±
0.0004 
24.44 ±
0.02 
8305 ±
7 
2.953 ±
0.01 
146.1 ±
0.5 1734 ± 1 
1744 to
1780 
1756 to
1805 1780 ± 24 
SM C5b 
Chunk/
edge HC 
2.864 ± 
0.001 674 ± 1 
1.1459 ± 
0.0004 
37.92 ± 
0.04 
12983 
± 16 
2.930 ± 
0.02 
146.0 ± 
0.5 1736 ± 2 
1742 to 
1766 
1750 to 
1872 1811 ± 61 
SM C5c 
Chunk/
edge HC 
2.866 ± 
0.001 794 ± 5 
1.1465 ± 
0.0004 
65.58 ± 
0.41 
11035 
± 69 
5.963 ± 
0.05 
146.7 ± 
0.4 1447 ± 5 
1454 to 
1481 
1463 to 
1500 1481 ± 18 
SM C5d 
Chunk/
edge HC 
3.017 ± 
0.001 
1296 ± 
8 
1.1449 ± 
0.0004 
124.9 ± 
0.8 
7115 ± 
43 
17.61 ± 
0.04 
145.6 ± 
0.5 324 ± 4 
336 to 
378 
350 to 
407 378 ± 28 
A02-01A 
Core/C
enter DM 
2.651 ± 
0.001 
3870 ± 
34 
1.1474 ± 
0.0005 
11.54 ± 
0.10 
2094 ± 
18 
5.529 ± 
0.01 
147.6 ± 
0.7 1489 ± 1 
1525 to 
1670 
1575 to 
1766 1670 ± 95 
A02-01B  
Core/C
enter DM 
2.682 ± 
0.001 
3599 ± 
28 
1.1493 ± 
0.0004 
9.026 ± 
0.07 
2277 ± 
18 
3.977 ± 
0.04 
149.4 ± 
0.6 1637 ± 4 
1671 to 
1804 
1716 to 
1892 1804 ± 88 
A02-01C 
Core/C
enter DM 
2.654 ± 
0.001 
2379 ± 
17 
1.1472 ± 
0.0004 
13.52 ± 
0.099 
3410 ± 
25 
3.979 ± 
0.02 
147.3 ± 
0.6 1637 ± 2 
1659 to 
1748 
1690 to 
1807 1748 ± 58 
D03-01 
60 cm 
from 
edge HC 
2.632 ± 
0.001 
1023 ± 
9 
1.1466 ± 
0.0004 
23.02 ± 
0.20 
7866 ± 
68 
2.936 ± 
0.03 
146.7 ± 
0.6 1736 ± 2 
1745 to 
1784 
1759 to 
1810 1784 ± 25 
D03-02 75 cm HC 2.911 ± 504 ± 4 1.1476 ± 50.90 ± 17647 2.894 ± 147.7 ± 1740 ± 1 1745 to 1751 to 1761 ± 10 
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Sample No Type Samp
ling 
Tool 
U 
(ppm) 
232Th 
(ppt) 
[234U/238U] [230TH/232
TH] 
[238U/2
32Th] 
[230Th/238
U] x 103 
δ234Ui C.E. Date 
(uncorrect
ed)a 
C.E. Date 
(corrected 
using 
Initial 
Th)b 
 Isochron 
C.E. 
Datec 
C.E Date 
with 
Uncertain
ty 
from 
edge 
0.001 0.0004 0.43 ± 151 0.01 0.5 1762 1771 
              SM C06 
             
SM C06 
Chunk/
edge HC 
2.572 ± 
0.001 394 ± 4 
1.1468 ±
0.0003 
86.03 ±
0.89 
19959
± 207 
4.313 ±
0.03 
147.0 ±
0.4 1603 ± 3 
1609 to
1624   1616 ± 7 
SM A03-
01A 
Chunk/
edge HC 
2.718 ± 
0.001 415 ± 2 
1.1476 ± 
0.0004 
84.00 ± 
0.48 
20038 
± 114 
4.206 ± 
0.06 
147.8 ± 
0.5 1615 ± 6 
1618 to 
1634 
 
1626 ± 8 
SM A03-
01B 
Chunk/
edge HC 
2.662 ± 
0.001 484 ± 1 
1.1455 ± 
0.0004 
69.57 ± 
0.07 
16808 
± 18 
4.153 ± 
0.07 
145.6 ± 
0.6 1619 ± 7 
1624 to 
1642 
 
1633 ± 9 
SM A03-
01C 
Chunk/
edge HC 
2.756 ± 
0.001 837 ± 2 
1.1456 ± 
0.0005 
54.26 ± 
0.14 
10061 
± 25 
5.412 ± 
0.22 
145.8 ± 
0.7 1499 ± 21 
1507 to 
1537   1522 ± 15 
              SM C10 
             
SM C10 
chunk/e
dge HC 
2.623 ± 
0.001 
16316 ±
166 
1.1459 ±
0.0009 
4.641 ±
0.047 
491 ±
5 
9.446 ±
0.03 
146.2 ±
1.2 1109 ± 3 
1267 to
1891 
899 to
1189 
1044 ± 
145 
A07-
01A 
Core 
sample DM 
2.679 ± 
0.001 
1374 ± 
12 
1.1482 ± 
0.0002 
55.26 ± 
0.49 
5957 ± 
53 
9.310 ± 
0.05 
148.6 ± 
0.3 1127 ± 5 
1140 to 
1191 
1110 to 
1133 1121 ± 11 
A07-
01B 
Core 
sample DM 
2.707 ± 
0.001 
2399 ± 
32 
1.1456 ± 
0.0003 
31.88 ± 
0.42 
3448 ± 
46 
9.280 ± 
0.04 
146.0 ± 
0.4 1128 ± 4 
1150 to 
1239 
1098 to 
1139 1118 ± 20 
A07-
01C 
Core 
sample DM 
2.724 ± 
0.001 
1159 ± 
11 
1.1477 ± 
0.0003 
66.08 ± 
0.60 
7184 ± 
65 
9.230 ± 
0.04 
148.1 ± 
0.4 1135 ± 4 
1145 to 
1187 
1120 to 
1140 1130 ± 10 
D08-01 
A 
Core 
sample DM 
2.762 ± 
0.001 
4569 ± 
44 
1.1458 ± 
0.0003 
16.63 ± 
0.16 
1848 ± 
18 
9.030 ± 
0.05 
146.0 ± 
0.4 1152 ± 4 
1193 to 
1359 
1095 to 
1173 1134 ± 39 
D08-01 
B 
Core 
sample DM 
2.760 ± 
0.001 
5589 ± 
46 
1.1467 ± 
0.0003 
13.67 ± 
0.11 
1509 ± 
12 
9.090 ± 
0.04 
147.0 ± 
0.5 1147 ± 4 
1198 to 
1400 
1078 to 
1172 1125 ± 47 
              SM C11 
             
SM C11 
Chunk/
edge HC 
2.750 ± 
0.001 
3018 ±
28 
1.1474 ±
0.0004 
26.16 ±
0.25 
2785 ±
26 
9.394 ±
0.04 
147.8 ±
0.5 1115 ± 4 
1146 to
1256   1201 ± 55 
A06-01A Core DM 
2.693 ± 
0.001 820 ± 2 
1.1501 ± 
0.0004 
102.9 ± 
0.3 
10037 
± 28 
10.29 ± 
0.10 
150.5 ± 
0.6 1035 ± 10 
1041 to 
1072 
 
1056 ± 15 
A06-01B Core DM 
2.685 ± 
0.001 798 ± 8 
1.1433 ± 
0.0006 
97.80 ± 
1.01 
10290 
± 106 
9.536 ± 
0.07 
143.7 ± 
0.9 1102 ± 7 
1109 to 
1138 
 
1123 ± 14 
A06-01C Core DM 
2.706 ± 
0.002 
1277 ± 
18 
1.1477 ± 
0.0006 
59.58 ± 
0.82 
6474 ± 
89 
9.233 ± 
0.05 
148.1 ± 
0.9 1134 ± 5 
1146 to 
1193 
 
1169 ± 23 
A06-02 Core DM 2.499 ± 745 ± 6 1.1465 ± 97.37 ± 10260 9.522 ± 146.9 ± 1106 ± 5 1113 to 
 
1128 ± 15 
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Sample No Type Samp
ling 
Tool 
U 
(ppm) 
232Th 
(ppt) 
[234U/238U] [230TH/232
TH] 
[238U/2
32Th] 
[230Th/238
U] x 103 
δ234Ui C.E. Date 
(uncorrect
ed)a 
C.E. Date 
(corrected 
using 
Initial 
Th)b 
 Isochron 
C.E. 
Datec 
C.E Date 
with 
Uncertain
ty 
0.001 0.0004 0.80 ± 84 0.05 0.6 1143 
A06-03 Core DM 
2.535 ± 
0.001 962 ± 9 
1.1491 ± 
0.0005 
70.70 ± 
0.65 
8058 ± 
74 
8.803 ± 
0.04 
149.5 ± 
0.7 1176 ± 4 
1186 to 
1224   1205 ± 19 
              SM C16 
             
SM C16 
Chunk/
edge HC 
2.335 ± 
0.001 
4283 ±
9 
1.1457 ±
0.0004 
23.69 ±
0.05 
1666 ±
4 
14.27 ±
0.05 
146.2 ±
0.5 648 ± 5 
691 to
874 
530 to
1161 845 ± 315 
SM C16 
A1 
Chunk/
edge HC 
2.319 ± 
0.001 713 ± 1 
1.1461 ± 
0.0005 
143.2 ± 
0.1 
9935 ± 
10 
14.46 ± 
0.05 
146.7 ± 
0.7 630 ± 5 
634 to 
664 
607 to 
712 659 ± 52 
SM C16 
A2 
Chunk/
edge HC 
2.288 ± 
0.001 650 ± 1 
1.1462 ± 
0.0003 
148.8 ± 
0.1 
10754 
± 11 
13.89 ± 
0.04 
146.8 ± 
0.5 685 ± 4 
691 to 
719 
666 to 
764 715 ± 49 
SM C16 
B1 
Chunk/
edge HC 
2.138 ± 
0.001 737 ± 1 
1.1464 ± 
0.0005 
119.6 ± 
0.1 
8871 ± 
10 
13.52 ± 
0.08 
146.9 ± 
0.7 721 ± 7 
731 to 
766 
701 to 
819 760 ± 59 
SM C16 
B2 
Chunk/
edge HC 
2.206 ± 
0.003 
1328 ± 
1 
1.1494 ± 
0.0005 
77.79 ± 
0.07 
5077 ± 
8 
15.37 ± 
0.06 
150.0 ± 
0.6 546 ± 6 
558 to 
618 
506 to 
712 609 ± 103 
              SM D04 
             
D04-01 Core DM 
2.491 ± 
0.001 
1078 ±
5 
1.1455 ±
0.0005 
41.45 ±
0.19 
7059 ±
33 
5.891 ±
0.04 
145.5 ±
0.5 1453 ± 4 
1464 to
1507   1485 ± 21 
D04-02 Core DM 
2.434 ± 
0.001 546 ± 1 
1.1498 ± 
0.0005 
78.04 ± 
0.17 
13620 
± 30 
5.749 ± 
0.02 
149.8 ± 
0.5 1469 ± 2 
1474 to 
1496 
 
1485 ± 11 
D04-03 Core DM 
2.465 ± 
0.001 
1412 ± 
1 
1.1469 ± 
0.0006 
33.65 ± 
0.02 
5337 ± 
3 
6.325 ± 
0.03 
146.9 ± 
0.6 1412 ± 3 
1427 to 
1484   1455 ± 28 
              SM D09 
             
D09-01 Core  DM 
2.614 ± 
0.001 873 ± 3 
1.1490 ±
0.0005 
25.53 ±
0.08 
9148 ±
29 
2.800 ±
0.02 
149.0 ±
0.5 1750 ± 2 
1758 to
1791   1774 ± 16 
D09-02 Core  DM 
2.552 ± 
0.001 878 ± 3 
1.1475 ± 
0.0005 
25.96 ± 
0.09 
8888 ± 
32 
2.930 ± 
0.01 
147.5 ± 
0.5 1737 ± 1 
1745 to 
1780 
 
1762 ± 17 
D09-03 Core  DM 
2.743 ± 
0.001 
1676 ± 
8 
1.1433 ± 
0.0006 
16.65 ± 
0.08 
5001 ± 
23 
3.341 ± 
0.02 
143.3 ± 
0.6 1696 ± 2 
1712 to 
1773   1742 ± 30 
              SM A05 
             
A05-01 Core DM 
2.471 ± 
0.001 
1507 ±
7 
1.1475 ±
0.0006 
14.04 ±
0.07 
5011 ±
23 
2.812 ±
0.02 
147.5 ±
0.6 1748 ± 2 
1763 to
1824   1793 ± 30 
A05-02 Core DM 
2.525 ± 
0.001 
1313 ± 
8 
1.1463 ± 
0.0005 
20.19 ± 
0.12 
5880 ± 
35 
3.446 ± 
0.02 
146.3 ± 
0.5 1687 ± 2 
1700 to 
1752 
 
1726 ± 26 
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Sample No Type Samp
ling 
Tool 
U 
(ppm) 
232Th 
(ppt) 
[234U/238U] [230TH/232
TH] 
[238U/2
32Th] 
[230Th/238
U] x 103 
δ234Ui C.E. Date 
(uncorrect
ed)a 
C.E. Date 
(corrected 
using 
Initial 
Th)b 
 Isochron 
C.E. 
Datec 
C.E Date 
with 
Uncertain
ty 
A05-03 Core DM 
2.546 ± 
0.001 
3867 ± 
16 
1.1492 ± 
0.0004 
7.430 ± 
0.030 
2012 ± 
8 
3.704 ± 
0.02 
149.2 ± 
0.4 1663 ± 2 
1702 to 
1853 
 
1777 ± 75 
A05-01-
01 Slab CS 
2.505 ± 
0.001 381 ± 1 
1.1466 ± 
0.0003 
51.18 ± 
0.09 
20116 
± 35 
2.552 ± 
0.01 
146.7 ± 
0.4 1773 ± 1 
1777 to 
1792   1784 ± 7 
A05-02-
01 Slab CS 
2.523 ± 
0.001 340 ± 1 
1.1444 ± 
0.0003 
61.14 ± 
0.10 
22688 
± 38 
2.704 ± 
0.01 
144.5 ± 
0.4 1758 ± 1 
1761 to 
1775 
 
1768 ± 7 
A05-03-
01 Slab CS 
2.627 ± 
0.001 
1528 ± 
3 
1.1473 ± 
0.0003 
14.88 ± 
0.03 
5256 ± 
11 
2.842 ± 
0.01 
147.4 ± 
0.4 1745 ± 1 
1760 to 
1818 
 
1789 ± 29 
A05-04-
01 Slab CS 
2.865 ± 
0.001 975 ± 2 
1.1455 ± 
0.0003 
27.82 ± 
0.05 
8983 ± 
16 
3.107 ± 
0.01 
145.6 ± 
0.4 1719 ± 1 
1728 to 
1762 
 
1745 ± 17 
A05-05-
01 Slab CS 
2.390 ± 
0.001 
1370 ± 
3 
1.1463 ± 
0.0003 
16.97 ± 
0.03 
5332 ± 
10 
3.192 ± 
0.01 
146.4 ± 
0.4 1712 ± 1 
1726 to 
1783 
 
1754 ± 28 
A05-06-
01 Slab CS 
2.615 ± 
0.001 693 ± 1 
1.1473 ± 
0.0002 
36.04 ± 
0.04 
11532 
± 14 
3.136 ± 
0.01 
147.4 ± 
0.3 1717 ± 1 
1723 to 
1750 
 
1736 ± 13 
A05-07-
01 Slab CS 
2.686 ± 
0.001 966 ± 1 
1.1437 ± 
0.0002 
28.49 ± 
0.04 
8501 ± 
12 
3.363 ± 
0.01 
143.9 ± 
0.3 1694 ± 1 
1704 to 
1740 
 
1722 ± 18 
A05-08-
01 Slab CS 
2.491 ± 
0.001 444 ± 1 
1.1475 ± 
0.0003 
60.64 ± 
0.15 
17162 
± 41 
3.545 ± 
0.01 
147.7 ± 
0.4 1678 ± 1 
1682 to 
1700 
 
1691 ± 9 
              SM Q07 
             Q07-01-
A1 
Core/C
enter DM 
2.619 ± 
0.001 337 ± 2 
1.1497 ±
0.0006 
56.60 ±
0.29 
23756
± 122 
2.390 ±
0.02 
149.8 ±
0.8 1789 ± 2 
1791 to
1804   1797 ± 6 
Q07-01-
A3 
Core/C
enter DM 
2.749 ± 
0.001 367 ± 2 
1.1472 ± 
0.0006 
53.05 ± 
0.22 
22915 
± 95 
2.323 ± 
0.02 
147.3 ± 
0.9 1795 ± 2 
1800 to 
1813 
 
1806 ± 6 
Q07-01-
A5 
Core/C
enter DM 
2.394 ± 
0.001 191 ± 1 
1.1513 ± 
0.0008 
87.54 ± 
0.36 
38367 
± 159 
2.289 ± 
0.02 
151.4 ± 
1.1 1799 ± 2 
1800 to 
1807 
 
1803 ± 3 
Q07-01-
A6 
Core/C
enter DM 
2.664 ± 
0.001 594 ± 2 
1.1454 ± 
0.0004 
31.92 ± 
0.13 
13699 
± 56 
2.338 ± 
0.01 
145.5 ± 
0.5 1793 ± 1 
1802 to 
1824 
 
1813 ± 11 
Q07-02-
1  
Core/E
dge DM 
2.705 ± 
0.001 380 ± 1 
1.1463 ± 
0.0003 
10.45 ± 
0.02 
21771 
± 41 
0.481 ± 
0.01 
146.3 ± 
0.4 1970 ± 1 
1974 to 
1988   1981 ± 7 
              
SM D7 
Chunk/
edge HC 
2.800 ± 
0.001 
12237 ±
85 
1.145 ±
0.0003 
4.36 ±
0.03 
699 ±
5 
6.233 ±
0.02 
145.3 ±
0.5 1418 ± 2 
1529 to
1967   
1748 ± 
219 
SM D13 
Chunk/
edge HC 
2.626 ± 
0.002 
120 ± 
0.3 
1.1471 ± 
0.0004 
794.9 ± 
2.0 
66639 
± 172 
12.0 ± 
0.03 
147.6 ± 
0.5 871 ± 3 
869 to 
874   871 ± 2 
SM16-C1 
Chunk/
edge HC 
1.854 ± 
0.001 602 ± 4 
1.1473 ± 
0.0004 
26.91 ± 
0.18 
9415 ± 
64 
2.868 ± 
0.02 
147.4 ± 
0.6 1743 ± 2 
1751 to 
1783   1767 ± 16 
SM16-D2 Chunk/ HC 2.098 ± 254 ± 2 1.1474 ± 200.3 ± 25227 7.967 ± 147.8 ± 1255 ± 4 1258 to   1264 ± 6 
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Sample No Type Samp
ling 
Tool 
U 
(ppm) 
232Th 
(ppt) 
[234U/238U] [230TH/232
TH] 
[238U/2
32Th] 
[230Th/238
U] x 103 
δ234Ui C.E. Date 
(uncorrect
ed)a 
C.E. Date 
(corrected 
using 
Initial 
Th)b 
 Isochron 
C.E. 
Datec 
C.E Date 
with 
Uncertain
ty 
edge 0.001 0.0005 1.2 ± 153 0.04 0.7 1270 
SM16-D3 
Chunk/
edge HC 
2.489 ± 
0.001 455 ± 3 
1.1453 ± 
0.0004 
180.7 ± 
1.1 
16740 
± 102 
10.83 ± 
0.04 
145.7 ± 
0.6 979 ± 4 
986 to 
1004   995 ± 9 
SM16-D1 
Chunk/
edge HC 
2.564 ± 
0.001 455 ± 2 
1.1473 ± 
0.0004 
48.50 ± 
0.25 
17232 
± 89 
2.823 ± 
0.01 
147.4 ± 
0.6 1747 ± 1 
1752 to 
1769   1760 ± 8 
 
 
HC = Hammer and Chisel 
DM = Drill Machine 
CS = Chain Saw 
 
a – uncorrected ages without 230Th correction 
b – Ages are corrected with [230Th]/ [232Th] ratio of 0.8 to 4, only for those samples that do not have Isochron 
c – Ages corrected using [230Th]/ [232Th] ratio obtained from the intercept of the isoage line. 
  
  
128 
Table A4: Step by step laboratory procedure of coral chemistry.  
 
A. Adding Spike solution to the sample. 
1. Weigh the Samples 
2. Weight the Spike (50 micro liter) and add to the samples 
a. Weight the barrel 
b. Set the scale to zero 
c. Add 50 micro liter of Spike solution  
d. Take measurement 
e. Add water  
3. Dissolve the sample 
a. Add 30 drops of concentrated HNO3 
b. Keep vial with cap loose for few hours. 
4. Remove organic  
a. Add 2 drops of HClO7 acid    
b. Put them on the hot plate for 30 min 
c. Let it cool for 5 min. 
d. Add 25 drops of FeCl3 to each vial. 
5. Iron co-precipitation 
a. Add NH4(OH)2 until it become basic (pH is higher than 8).  
b. Check with litmus paper. 
c. Then centrifuge it for 30 mins. 
d. Remove the water with pipette.  
e. Add water and 2 drops of NH4(OH)2  
f. Centrifuge again for 30 mins 
g. Remove the water 
6. Dissolving the sample 
a. Add 33 drops of 7N HNO3  
b. Put them on hot plate with the cap opened overnight 
c. Next day add 16 drops of 7N HNO3  
d. Put them on the hot plate again for 5 min 
e. The samples are ready to be loaded in the column 
 
B. Preparing columns cleaning, loading samples and collection 
Step    Description 
1. Cleaning   2ml 7NHNO3 
     1 ml 0.1N HCl 
     1 ml 12N HCl 
     1 ml 0.13N HF in 12N HCl 
     1 ml Mili-Q H2O  
2. Cleaning   repeat of step 1 
3. Condition   20 drops 7N HNO3 
     20 drops 7N HNO3 
4. Load Samples   16 drops 7N HNO3 
5. Wash beaker   16 drops 7N HNO3 
6. Wash column   16 drops 7N HNO3 
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Place the collection vial under the column 
7. Collect Th   15 drops 12N HCl 
     30 drops 12N HCl 
     15 drops 12N HCl 
8. Collect U   15 drops 1N HBr 
     30 drops 1N HBr 
     30 drops 1N HBr 
Table A5: Measured HLS from a small pool of living corals located in the northern Chheradip 
region (Latitude 20.5826, Longitude 92.3390). Coordinates for individual corals were not 
collected because the coral heads were very close to each other. The pool is ~10 x ~30 m in size 
and NS elongated. Eighteen living coral heads were randomly surveyed with a measuring tape to 
establish the average HLS. HLS is defined by the highest level above Extreme Low Water 
(ELW) at which the coral can remain alive (Zachariasen et al., 1999b; Meltzner and Woodroffe, 
2015).  
Coral head  
No. 
HLS (cm) 
1 10.0 
2 11.1 
3 7.6 
4 11.1 
5 12.7 
6 12.0 
7 6.6 
8 8.5 
9 8.5 
10 10.7 
11 10.1 
12 11.5 
13 8.5 
14 7.4 
15 6.6 
16 11.4 
17 7.4 
18 8.7 
  
  
130 
 
 
Figure A1: Coral Microatoll SM-Q07 with its orientation. Difference between edge and center of 
the microatoll has been documented before cutting the coral so that its horizontal orientation can 
be established while in the lab. The horizontal orientation is important to estimate the relative sea 
level change rate. The slab has been X-rayed in a local hospital. The growth bands were drawn 
under light table and the drawings were scanned, and elevation of each growth band (HLS or/and 
HLS) digitizes using “digitize2” MATLAB script 
(https://www.mathworks.com/matlabcentral/fileexchange/928-digitize2-m). The elevation of the 
slab edge was measured by GPS and corrected for local mean sea level (See section 2.2.3 from 
Chapter 2). Since, the coral head SM-Q07 is a live coral and edge had living tissue, we 
considered outermost living growth band is assumed to be 2016 (since the slab was cut in 2016). 
Then we counted the yearly growth bands from edge to center and assigned the time (yr) and 
elevation of the growth bands. The HLS (from present day mean sea level) of the growth band 
for SM-Q07 is shown in table A7 and the HLS for the growth band for SM-A05 is shown in 
table A8. 
Base not Exposed
35
.8
 cm
U/Th Sampling Location
6.8 cm
GPS measurement point
Horizontal line
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Table A7: Measured HLS for Coral microatoll SM-Q07 (See Fig. A1 caption) 
Growth Band No 
(Edge to Center) Year HLS (cm) 
1 2016 -145.3 
2 2015 -144.8 
3 2014 -144.1 
4 2013 -143.8 
5 2012 -143.1 
6 2011 -142.1 
7 2010 -141.3 
8 2009 -140.9 
9 2008 -140.0 
10 2007 -139.3 
11 2006 -138.8 
12 2005 -137.6 
13 2004 -137.2 
14 2003 -136.7 
15 2002 -136.2 
16 2001 -135.7 
17 2000 -135.3 
18 1999 -135.0 
19 1998 -134.8 
20 1997 -135.0 
21 1996 -135.0 
22 1995 -135.2 
23 1994 -135.2 
24 1993 -135.2 
25 1992 -135.4 
26 1991 -135.6 
27 1990 -135.8 
28 1989 -136.0 
29 1988 -136.4 
30 1987 -136.4 
31 1986 -136.3 
32 1985 -136.0 
33 1984 -135.8 
34 1983 -135.6 
  
  
132 
Growth Band No 
(Edge to Center) Year HLS (cm) 
35 1982 -135.9 
36 1981 -136.4 
37 1980 -137.0 
38 1979 -137.6 
39 1978 -138.0 
40 1977 -138.7 
41 1976 -139.4 
42 1975 -140.2 
43 1974 -141.0 
44 1973 -141.5 
45 1972 -142.4 
46 1971 -143.1 
47 1970 -143.8 
48 1969 -144.8 
49 1968 -137.0 
50 1967 -137.0 
51 1966 -136.9 
52 1965 -136.7 
53 1964 -136.1 
54 1963 -135.7 
55 1962 -135.5 
56 1961 -135.8 
57 1960 -135.6 
58 1959 -135.8 
59 1958 -135.9 
60 1957 -136.1 
61 1956 -136.2 
62 1955 -136.2 
63 1954 -136.2 
64 1953 -136.1 
65 1952 -136.1 
66 1951 -136.3 
67 1950 -136.4 
68 1949 -136.4 
69 1948 -136.4 
70 1947 -136.2 
71 1946 -136.3 
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Growth Band No 
(Edge to Center) Year HLS (cm) 
72 1945 -136.8 
73 1944 -137.0 
74 1943 -137.2 
75 1942 -136.8 
76 1941 -136.1 
77 1940 -135.8 
78 1939 -135.7 
79 1938 -135.5 
80 1937 -135.5 
81 1936 -135.5 
82 1935 -135.5 
83 1934 -135.7 
84 1933 -135.8 
85 1932 -136.0 
86 1931 -136.0 
87 1930 -136.2 
88 1929 -136.4 
89 1928 -136.4 
90 1927 -136.3 
91 1926 -136.2 
92 1925 -136.2 
93 1924 -136.3 
94 1923 -136.4 
95 1922 -136.4 
96 1921 -136.4 
97 1920 -136.5 
98 1919 -136.7 
99 1918 -136.9 
100 1917 -136.9 
101 1916 -137.1 
102 1915 -137.1 
103 1914 -137.7 
104 1913 -138.3 
105 1912 -139.2 
106 1911 -140.1 
107 1910 -141.3 
108 1909 -142.1 
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Growth Band No 
(Edge to Center) Year HLS (cm) 
109 1908 -143.5 
110 1907 -144.5 
111 1906 -145.8 
112 1905 -137.1 
113 1904 -137.0 
114 1903 -136.8 
115 1902 -136.6 
116 1901 -136.6 
117 1900 -136.5 
118 1899 -136.5 
119 1898 -136.5 
120 1897 -136.5 
121 1896 -136.5 
122 1895 -136.7 
123 1894 -136.9 
124 1893 -137.0 
125 1892 -137.0 
126 1891 -137.2 
127 1890 -137.3 
128 1889 -137.2 
129 1888 -137.1 
130 1887 -136.9 
131 1886 -137.1 
132 1885 -137.1 
133 1884 -137.0 
134 1883 -137.3 
135 1882 -137.8 
136 1881 -138.2 
137 1880 -138.6 
138 1879 -139.2 
139 1878 -140.1 
140 1877 -140.5 
141 1876 -141.2 
142 1875 -142.0 
143 1874 -142.6 
144 1873 -143.4 
145 1872 -144.1 
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Growth Band No 
(Edge to Center) Year HLS (cm) 
146 1871 -144.3 
147 1870 -144.9 
148 1869 -146.0 
149 1868 -147.1 
150 1867 -147.7 
151 1866 -148.4 
152 1865 -149.0 
153 1864 -143.7 
154 1863 -142.6 
155 1862 -142.4 
156 1861 -142.1 
157 1860 -141.1 
158 1859 -139.0 
159 1858 -139.0 
160 1857 -138.8 
161 1856 -138.9 
162 1855 -138.2 
163 1854 -136.8 
164 1853 -136.8 
165 1852 -136.7 
166 1851 -136.8 
167 1850 -136.9 
168 1849 -136.9 
169 1848 -137.1 
170 1847 -137.3 
171 1846 -137.5 
172 1845 -137.5 
173 1844 -137.6 
174 1843 -137.9 
175 1842 -137.9 
176 1841 -138.1 
177 1840 -138.0 
178 1839 -137.9 
179 1838 -138.3 
180 1837 -138.7 
181 1836 -139.2 
182 1835 -139.9 
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Growth Band No 
(Edge to Center) Year HLS (cm) 
183 1834 -139.8 
184 1833 -139.6 
185 1832 -140.3 
186 1831 -140.6 
187 1830 -140.5 
188 1829 -140.8 
189 1828 -141.3 
190 1827 -142.2 
191 1826 -143.0 
192 1825 -144.1 
193 1824 -145.1 
194 1823 -146.2 
195 1822 -147.1 
196 1821 -147.9 
197 1820 -149.0 
198 1819 -149.8 
199 1818 -151.1 
200 1817 -151.7 
201 1816 -152.8 
202 1815 -153.7 
203 1814 -154.5 
204 1813 -155.5 
205 1812 -156.6 
206 1811 -157.5 
207 1810 -158.4 
208 1809 -159.4 
209 1808 -160.9 
210 1807 -162.3 
211 1806 -163.8 
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Table A8: Measured HLS for Coral microatoll SM-A05 (for method, please see the caption of 
Figure A1) 
Growth Band No 
 (Edge to center) Year HLS (cm) 
1 1762 90 
2 1761 89.7 
3 1760 90.6 
4 1759 91 
5 1758 90.3 
6 1757 89.4 
7 1756 88.6 
8 1755 87.8 
9 1754 87.4 
10 1753 86.5 
11 1752 85.6 
12 1751 85 
13 1750 84.1 
14 1749 83.4 
15 1748 82.6 
16 1747 81.9 
17 1746 81.3 
18 1745 80.7 
19 1744 80.1 
20 1743 79.6 
21 1742 79 
22 1741 80.5 
23 1740 80.5 
24 1739 82.5 
25 1738 82.7 
26 1737 82.3 
27 1736 82.3 
28 1735 82.1 
29 1734 82.1 
30 1733 82 
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Growth Band No 
 (Edge to center) Year HLS (cm) 
31 1732 81.1 
32 1731 80.3 
33 1730 79.5 
34 1729 78.8 
35 1728 77.7 
36 1727 77 
37 1726 76.4 
38 1725 75.4 
39 1724 74.7 
40 1723 73.7 
41 1722 72.6 
42 1721 71.6 
43 1720 70.1 
44 1719 76.2 
45 1718 80.8 
46 1717 81.6 
47 1716 81.5 
48 1715 81.5 
49 1714 82.2 
50 1713 81.9 
51 1712 81.9 
52 1711 81.4 
53 1710 82.2 
54 1709 82.9 
55 1708 82.7 
56 1707 82.9 
57 1706 83.6 
58 1705 82.4 
59 1704 81.3 
60 1703 80.6 
61 1702 79.5 
62 1701 78.8 
63 1700 77.8 
64 1699 76.7 
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Growth Band No 
 (Edge to center) Year HLS (cm) 
65 1698 75.5 
66 1697 74.9 
67 1696 73.8 
68 1695 73.3 
69 1694 72.4 
70 1693 71.6 
71 1692 70.8 
72 1691 70.3 
73 1690 74.8 
74 1689 75.5 
75 1688 74.8 
76 1687 74.3 
77 1686 73.5 
78 1685 72.3 
79 1684 71.4 
80 1683 70.8 
81 1682 69.5 
82 1681 68.4 
83 1680 67.2 
84 1679 66.1 
85 1678 64.8 
86 1677 64.1 
87 1676 63.1 
88 1675 62.5 
89 1674 61.7 
90 1673 60.9 
91 1672 60.1 
92 1671 59.6 
93 1670 58.7 
94 1669 58 
95 1668 56.9 
96 1667 55.9 
97 1666 55.2 
98 1665 54.6 
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Growth Band No 
 (Edge to center) Year HLS (cm) 
99 1664 53.9 
100 1663 53.1 
101 1662 52.5 
102 1661 51.7 
103 1660 50.8 
104 1659 50.2 
105 1658 49.4 
106 1657 48.5 
107 1656 47.9 
108 1655 47 
109 1654 46.5 
110 1653 45.5 
111 1652 44.6 
112 1651 44.2 
113 1650 43.3 
114 1649 42.8 
115 1648 42 
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Table A9: Coverage of inundation and deaths in major floods in Bangladesh, 1953-1998 (A. M. 
et al., 2003).  
Year 
Flooded 
area (Sq. 
Km) 
Percentage 
of Total 
Area 
Number of 
Deaths 
Crop 
Damage 
(million tons) 
Total Financial 
loss (million 
Taka) 
1953 ND ND ND 0.6 ND 
1954 36920 25 112 0.7 1500 
1955 50700 34 129 ND ND 
1956 35620 24 ND 0.5 1580 
1962 37404 25 117 1.2 1500 
1963 43180 29 ND ND ND 
1966 ND ND ND 1 600 
1968 37300 25 126 1.1 1200 
1969 ND ND ND 1 1100 
1970 42640 28 87 1.2 1000 
1971 36475 24 120 0 0 
1974 52720 35 1987 1.4 20000 
1980 ND ND ND 0.4 4000 
1984 28314 19 513 0.7 4500 
1987 57491 38 1657 1.5 35000 
1988 77700 52 2379 3.2 40000 
1998 100000 68 1050 4.5 142160 
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Figure A1: X-RAY of coral microatoll SM-D09. This microatoll is not in-situ therefore was not 
used for sea level history. 
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Figure A2: X-RAY of coral microatoll SM-C05.  
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Figure A4: Probability distribution of the ages of the coral microatolls. Only the ages from edge 
of the coral microatolls were used since the outermost growth band is the youngest and thus last 
living growth band of any microatoll which represents the coral killing event that we interpreted 
as seismic events.  
 
 
 
 
  
  
146 
 
Figure A5: Cyclone track in the Bay of Bengal since 1945 to 2010. Tracks includes tropical 
storm (63-87 km/hr), severe tropical storm (88-117 km/hr) and typhoon (118 km/hr or above).  
Only the track of 1963 cyclone was ~5 km away from the Saint Martin’s Island (IMD, 2011; 
Mohapatra et al., 2012). (Web source: 
http://www.rmcchennaieatlas.tn.nic.in/login.aspx?ReturnUrl=%2f). 
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Figure A6: Precipitation (Schneider et al., 2014), flood (A. M. et al., 2003) with HLS of the live 
coral microatoll SM-Q07. Horizontal axis represents year and vertical axis does not have unit but 
represents the corresponding unit of the data shown in the legend. The y-axis for HLS history for 
live coral (blue circles) is shown on the right of the graph.   
 
 
 
 
 
 
 
 
  
  
148 
Appendix B: Data from chapter -3 
Table B1: Elevation survey conducted in Teknaf in 2015. Elevations of the different terraces 
were measured by high precision Trimble NetR9 GPS with RTX capabilities. Each data point 
was surveyed for 30 min using a geodetic tripod with the antenna mounted on it. The antenna 
height was fixed at 1.5 m. The EGM96 geoid height was subtracted from the GPS ellipsoid 
height determined for each station to estimate the orthometric height (which approximates the 
height above mean sea level). Finally, the antenna height (1.5 m) was subtracted from each point 
to transfer the elevation from antenna tip to ground.  
 
Survey 
Point Latitude Longitude 
GPS 
Height 
(m) 
GEOID 
Height 
(m) 
Orthomertic 
Height (m) 
Antenna 
Height 
(m) 
Corrected 
Elevation 
(m) 
T1 20.9426 92.2130 -46.52 -53.60 7.08 1.50 5.41 
T1 20.9389 92.2147 -46.15 -53.59 7.44 1.50 5.77 
T1 20.9389 92.2140 -46.76 -53.59 6.84 1.50 5.17 
T2 20.9229 92.2246 -43.98 -53.55 9.57 1.50 7.90 
T2 20.9209 92.2265 -44.09 -53.54 9.45 1.50 7.79 
T3 20.9216 92.2280 -38.23 -53.53 15.31 1.50 13.64 
T2 20.9236 92.2238 -43.94 -53.55 9.61 1.50 7.94 
T3 20.9232 92.2260 -38.48 -53.54 15.06 1.50 13.39 
T2 20.9242 92.2233 -43.91 -53.55 9.64 1.50 7.97 
T1 20.8927 92.2479 -46.64 -53.45 6.82 1.50 5.15 
T1 20.8857 92.2501 -47.04 -53.45 6.40 1.50 4.74 
T2 20.8885 92.2528 -44.65 -53.44 8.78 1.50 7.12 
T1 20.8475 92.2754 -47.90 -53.35 5.46 1.50 3.79 
T2 20.8538 92.2830 -44.43 -53.32 8.90 1.50 7.23 
T1 21.0089 92.1916 -46.97 -53.70 6.73 1.50 5.06 
T2 21.0094 92.1918 -44.31 -53.70 9.39 1.50 7.73 
T3 21.0107 92.1932 -39.44 -53.69 14.25 1.50 12.58 
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Table B2: Elevation survey conducted in Teknaf in 2016. Elevations of the different terraces 
were measured by high precision Trimble NetR9 GPS with RTX capabilities. The OMNISTAR 
high precision service provided elevations within ± 10 cm. Each data point was surveyed for 30 
min using a geodetic tripod with the antenna mounted on it. The antenna height was fixed at 1.5 
m. The EGM96 geoid height was subtracted from the GPS ellipsoid height determined for each 
station to estimate the orthometric height (which approximates the height above mean sea level). 
Finally, the antenna height (1.5 m) was subtracted from each point to transfer the elevation from 
antenna tip to ground. 
Survey 
Point Latitude Longitude 
GPS 
Height 
(m) 
GEOED 
Height 
(m) 
Orthomertic 
Height (m) 
Antenna 
Height 
(m) 
Corrected 
Elevation 
(m) 
16TKE02 20.8556 92.2796 -42.78 -53.33 10.55 1.50 9.05 
16TKE03 20.8664 92.2710 -43.15 -53.37 10.21 1.50 8.71 
16TKE06 20.9187 92.2253 -47.05 -53.54 6.49 1.50 4.99 
16TKE07 20.9158 92.2232 -51.27 -53.55 2.29 1.50 0.79 
16TKE08 20.9227 92.2245 -46.61 -53.55 6.94 1.50 5.44 
16TKE09 20.8662 92.2715 -45.87 -53.36 7.50 1.50 6.00 
16TKF04 21.0850 92.1347 -48.94 -53.97 5.03 1.50 3.53 
16TKF05 21.0626 92.1553 -44.77 -53.87 9.10 1.50 7.60 
16TKF06 21.0352 92.1800 -43.55 -53.76 10.21 1.50 8.71 
16TKF08 20.9823 92.1998 -43.46 -53.66 10.20 1.50 8.70 
16TKF09 20.9323 92.2178 -45.59 -53.58 7.99 1.50 6.49 
16TKG03 21.1102 92.1123 -38.96 -54.08 15.12 1.50 13.62 
16TKG05 21.1693 92.0578 -46.64 -54.35 7.71 1.50 6.21 
16TKH01 21.3157 92.0404 -47.88 -54.49 6.60 1.50 5.10 
16TKH02 21.1922 92.0493 -46.39 -54.40 8.02 1.50 6.52 
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Figure B1: Global ocean sediment thickness around the 1726 rupture segment. The contour 
represents sediment thickness in km. Light gray shaded area represents continental shelf and dark 
gray area is the slope of Bay of Bengal (Whittaker et al., 2013).  
Web Source: https://www.ngdc.noaa.gov/mgg/sedthick/ 
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Figure B2: EGM96 geoid height used to estimate the orthometric height from GPS height. The 
geoid data has been downloaded from http://www.open-terrain.org/index.php/Data/EGM 
 
NOTE: The GPS dataset that was collected during this study, and used in chapter 2 and 3 can be 
downloaded from the following link. 
https://tinyurl.com/Mondal2018-Thesis-Data 
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Appendix C: Data for chapter -4 
Table C1: Uplift of 1762 Arakan Earthquake used to model the rupture. The reconstructed uplift 
data from western Myanmar coast has been excerpted from Wang et al., (2013) and Aung et al., 
(2006, 2008). The uplift data for the Saint Martin’s island have been taken from this study 
(Chapter 2: Fig. 2.9 B). The uplift of the SM-A05 coral microatoll has been reconstructed after 
conducting the sea level correction using the sea level curve of Kemp et al., (2011) and the 
correction for post 1762 earthquake slow tectonic uplift as observed from live coral microatoll 
SM-Q07. Applying the same method, the uplift has been reconstructed for SM-C05 and SM-
D09. From Teknaf area, the elevations of T1 (Youngest terraces) (Chapter 2 of this study) were 
used since T1 is possibly linked to 1762 earthquake (McHugh et al., 2015) although it still needs 
to be verified. 
Name Latitude Longitude Uplift (m) 
Uplift 
SD (m) Uplift Feature         Source 
Northern Ramree Island 
    
Wang et 
al., (2013) 
E-KPU 19.41 93.53 2.4 0.3 Coral, microatolls 
KPU15_O 19.43 93.51 1.2 0.2 Uplift Oyster 
Central Ramree Island 
    ZC16_B 19.15 93.6 6.1 1.3 Raised beach 
ZC16_C 19.16 93.6 5.3 0.2 Coral, microatolls 
ZC04 19.15 93.63 5.8 0.1 Uplifted platform 
Southern Ramree Island 
    KYM 18.9 93.96 4.3 0.1 Shoreline angle 
TKN_N 18.89 93.89 1.7 1.1 Surge notches 
TKC 18.89 93.9 1.9 0.1 Shoreline angle 
TKS 18.88 93.91 1.5 0.1 Shoreline angle 
WTK 18.9 93.87 1.1 1.1 Shoreline angle 
WTK 18.9 93.88 1.8 1.1 Shoreline angle 
Eastern Ramree Island 
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ERM 19.03 93.96 4.5 1.1 Tidal notch 
Man-Aung, Cheduba 
Island 
    MA_C 18.88 93.72 0.5 0.2 Coral fossils 
MA_T 18.88 93.74 1.1 0.4 Uplift platform 
Ka-Ma, Cheduba Island 
    NW_Che 18.87 93.5 4.8 1.3 Elevated terrace 
KM 18.81 93.52 4.5 0.2 Coral, microatolls 
C_Che 18.75 93.6 3.9 1.3 Elevated terrace? 
S_Che 18.67 93.7 3.6 1.3 Elevated terrace 
KI 18.68 93.64 3.7 0.2 Coral, microatoll 
Eastern Cheduba Island 
    KK 18.72 93.74 1.4 1 Shoreline angle 
SC 18.7 93.73 3.5 1.1 Shoreline angle 
Northwestern Cheduba 
Island 
    NW_Reef 18.93 93.45 6.7 1.3 Elevated rocks 
DY 18.88 93.53 7.6 0.3 Oysters 
Other Islands 
    FLAT 18.62 93.77 2.1 1.4 Elevated terrace 
Round 18.73 93.81 1.8 0.5 Shell taxa 
MM0602 20.12 92.87 1 0 Buried Grass Aung et al., 
(2006, 
2008) 
WP01 20.03 92.92 1.5 0 Terrace 
WP08 19.94 92.98 1.5 0 Terrace 
Saint Martin's Island 
This study; 
Chapter 2 
SM-CO5 20.58761 92.3373 1.9 0 Coral 
SM-D09   20.5829 92.3369 2 0 Coral 
SM-A05   20.5825 92.3369 1.8 0 Coral 
Terrace Teknaf 
This study; 
Chapter 3 
Tek-01 20.92 92.23 4.99 0 Terrace 
Tek-02 20.92 92.22 5.43 0 Terrace 
Tek-03 21.08 92.13 3.53 0 Terrace 
Tek-04 21.06 92.15 3.3 0 Terrace 
Tek-05 20.98 92.2 6 0 Terrace 
Tek-06 21.11 92.11 4.9 0 Terrace 
Tek-07 21.17 92.06 5 0 Terrace 
Tek-08 21.32 92.04 5.1 0 Terrace 
Tek-09 20.94 92.21 5.4 0 Terrace 
Tek-10 20.94 92.21 5.77 0 Terrace 
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Tek-11 20.94 92.21 5.16 0 Terrace 
Tek-12 20.89 92.25 5.14 0 Terrace 
Tek-13 20.89 92.25 4.73 0 Terrace 
Tek-14 20.85 92.28 3.78 0 Terrace 
Tek-15 21.01 92.19 5.06 0 Terrace 
 
 
 
Table C2: Example for an input file used for forward modeling approach (for GTdef) 
****************************************************************************** 
  coord     local 
  earth   homogeneous  30e9  0.25      
# fault type name       lon       lat        z1  z2          len      str  dip     ss  ds     ts   ss0  ssX  ds0 dsX  
ts0  tsX  Nd  Ns 
  fault  1    Arakan    50e3    100e3      0   30e3       450e3     0.0  15      0   20      0    0    0    0   0    
0    0    1   1  
 
 
point 1 nam1 92285.3 522846 0.0 5.10000 0 1 
point 1 nam2 84765 507572 0.0 5.00000 0 1 
point 1 nam3 85931.9 498891 0.0 4.90000 0 1 
point 1 nam4 86969.2 495193 0.0 3.53000 0 1 
point 1 nam5 87358.2 491736 0.0 3.30000 0 1 
point 1 nam6 87552.7 484502 0.0 5.06000 0 1 
point 1 nam7 86709.9 481688 0.0 6.00000 0 1 
point 1 nam8 85413.3 476624 0.0 5.49000 0 1 
point 1 nam9 85218.8 473971 0.0 4.98000 0 1 
point 1 nam10 85607.8 469952 0.0 5.13000 0 1 
point 1 nam11 85413.3 469469 0.0 4.73000 0 1 
point 1 nam12 85478.1 464084 0.0 3.78000 0 1 
point 1 nam13 74975.7 434904 0.0 2.57000 0 1 
point 1 nam14 74586.7 434100 0.0 2.23000 0 1 
point 1 nam15 97146.2 360436 0.0 1.00000 0 1 
point 1 nam16 96213.1 348294 0.0 1.50000 0 1 
point 1 nam17 96511.9 336119 0.0 1.50000 0 1 
point 1 nam18 115763 256483 0.0 1.20000 0 1 
point 1 nam19 116567 253360 0.0 2.40000 0 1 
point 1 nam20 108128 224934 0.0 5.30000 0 1 
point 1 nam21 107331 224054 0.0 6.10000 0 1 
point 1 nam22 110329 222398 0.0 5.80000 0 1 
point 1 nam23 79399.8 210731 0.0 6.70000 0 1 
point 1 nam24 80811.9 202044 0.0 4.80000 0 1 
point 1 nam25 84307 201463 0.0 7.60000 0 1 
point 1 nam26 79026.3 195206 0.0 2.50000 0 1 
point 1 nam27 83036.7 184960 0.0 3.90000 0 1 
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point 1 nam28 82652.6 175781 0.0 3.70000 0 1 
point 1 nam29 87751.6 171298 0.0 3.60000 0 1 
point 1 nam30 92741 172672 0.0 3.50000 0 1 
point 1 nam31 94835.4 173945 0.0 1.40000 0 1 
point 1 nam32 91659.7 162516 0.0 2.10000 0 1 
point 1 nam33 102228 171125 0.0 1.80000 0 1 
point 1 nam34 102595 190653 0.0 0.50000 0 1 
point 1 nam35 104393 189777 0.0 1.10000 0 1 
point 1 nam36 134838 192363 0.0 4.50000 0 1 
point 1 nam37 126873 179560 0.0 4.30000 0 1 
point 1 nam38 120781 180332 0.0 1.50000 0 1 
point 1 nam39 120679 181796 0.0 1.90000 0 1 
point 1 nam40 119480 182380 0.0 1.70000 0 1 
point 1 nam41 119178 184039 0.0 1.80000 0 1 
point 1 nam42 118278 184624 0.0 1.10000 0 1 
 
             
Table C3: Example for an input file used for inverse modeling (GTdef)  
****************************************************************************** 
 
  coord     local 
  smooth    2d 
  surface   free 
  earth   homogeneous  30e9  0.25  
  kappa 2 100 5000 50 
# fault type name       lon       lat       z1  z2         len      str  dip   ss  ds  ts   ss0  ssX  ds0 dsX  ts0  
tsX  Nd  Ns 
  fault  3   Arakan     50e3      100e3      0   30e3       450e3    0.0  10    0    0  0    0    0    1   30  0    
0     10  20 
 
 
point 1 nam1        92285.3         522846 0.0 5.1  1 
point 1 nam2        84765           507572 0.0 5.0  1 
point 1 nam3        85931.9         498891 0.0 4.9  1 
point 1 nam4        86969.2         495193 0.0 3.53  1 
point 1 nam5        87358.2         491736 0.0 3.3  1 
point 1 nam6        87552.7         484502 0.0 5.06  1 
point 1 nam7        86709.9         481688 0.0 6.0  1 
point 1 nam8        85413.3         476624 0.0 5.49  1 
point 1 nam9        85218.8         473971 0.0 4.98  1 
point 1 nam10       85607.8         469952 0.0 5.13  1 
point 1 nam11       85413.3         469469 0.0 4.73  1 
point 1 nam12       85478.1         464084 0.0 3.78 1 
point 1 nam13       74975.7         434904 0.0 2.57  1 
point 1 nam14       74586.7         434100 0.0 2.23  1 
point 1 nam15       97146.2         360436 0.0 1.0  1 
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point 1 nam16       96213.1         348294 0.0 1.5  1 
point 1 nam17       96511.9         336119 0.0 1.5  1 
point 1 nam18       115763          256483 0.0 1.2  1 
point 1 nam19       116567          253360 0.0 2.4  1 
point 1 nam20       108128          224934 0.0 5.3  1 
point 1 nam21       107331          224054 0.0 6.1  1 
point 1 nam22       110329          222398 0.0 5.8  1 
point 1 nam23       79399.8         210731 0.0 6.7  1 
point 1 nam24       80811.9         202044 0.0 4.8  1 
point 1 nam25       84307           201463 0.0 7.6  1 
point 1 nam26       79026.3         195206 0.0 2.5  1 
point 1 nam27       83036.7         184960 0.0 3.9  1 
point 1 nam28       82652.6         175781 0.0 3.7  1 
point 1 nam29       87751.6         171298 0.0 3.6  1 
point 1 nam30       92741           172672 0.0 3.5  1 
point 1 nam31       94835.4         173945 0.0 1.4  1 
point 1 nam32       91659.7         162516 0.0 2.1  1 
point 1 nam33       102228          171125 0.0 1.8  1 
point 1 nam34       102595          190653 0.0 0.5  1 
point 1 nam35       104393          189777 0.0 1.1  1 
point 1 nam36       134838          192363 0.0 4.5  1 
point 1 nam37       126873          179560 0.0 4.3  1 
point 1 nam38       120781          180332 0.0 1.5  1 
point 1 nam39       120679          181796 0.0 1.9  1 
point 1 nam40       119480          182380 0.0 1.7  1 
point 1 nam41       119178          184039 0.0 1.8  1 
point 1 nam42       118278          184624 0.0 1.1  1 
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Table C4: Calculated misfit for different slip, dip and the location of the fault (Data for fig. 4-5). 
 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
5 5 0 1.836 30 5 0 0.952 
5 5 10 1.836 30 5 10 0.948 
5 5 20 1.836 30 5 20 0.945 
5 5 30 1.836 30 5 30 0.943 
5 5 40 1.837 30 5 40 0.943 
5 5 50 1.837 30 5 50 0.943 
5 5 60 1.837 30 5 60 0.944 
5 5 70 1.838 30 5 70 0.946 
5 5 80 1.843 30 5 80 1.105 
5 5 90 1.962 30 5 90 1.670 
5 10 0 1.783 30 10 0 1.669 
5 10 10 1.788 30 10 10 1.271 
5 10 20 1.791 30 10 20 1.073 
5 10 30 1.795 30 10 30 1.162 
5 10 40 1.798 30 10 40 1.293 
5 10 50 1.800 30 10 50 1.377 
5 10 60 1.801 30 10 60 1.431 
5 10 70 1.803 30 10 70 1.461 
5 10 80 1.822 30 10 80 1.610 
5 10 90 2.065 30 10 90 1.611 
5 15 0 1.768 30 15 0 2.078 
5 15 10 1.684 30 15 10 2.496 
5 15 20 1.690 30 15 20 3.158 
5 15 30 1.725 30 15 30 2.474 
5 15 40 1.747 30 15 40 1.767 
5 15 50 1.755 30 15 50 1.619 
5 15 60 1.753 30 15 60 1.620 
5 15 70 1.751 30 15 70 1.740 
5 15 80 1.783 30 15 80 1.769 
5 15 90 2.142 30 15 90 1.630 
5 20 0 1.929 30 20 0 2.592 
5 20 10 1.909 30 20 10 2.452 
5 20 20 1.795 30 20 20 2.096 
5 20 30 1.686 30 20 30 2.212 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
5 20 40 1.681 30 20 40 2.902 
5 20 50 1.715 30 20 50 1.922 
5 20 60 1.712 30 20 60 1.967 
5 20 70 1.701 30 20 70 1.993 
5 20 80 1.731 30 20 80 1.864 
5 20 90 2.165 30 20 90 1.958 
5 25 0 1.884 30 25 0 2.208 
5 25 10 1.904 30 25 10 2.370 
5 25 20 1.903 30 25 20 2.354 
5 25 30 1.827 30 25 30 2.101 
5 25 40 1.704 30 25 40 1.907 
5 25 50 1.672 30 25 50 2.604 
5 25 60 1.708 30 25 60 1.697 
5 25 70 1.676 30 25 70 2.385 
5 25 80 1.667 30 25 80 2.327 
5 25 90 2.167 30 25 90 2.248 
5 30 0 1.864 30 30 0 2.029 
5 30 10 1.876 30 30 10 2.136 
5 30 20 1.889 30 30 20 2.235 
5 30 30 1.879 30 30 30 2.169 
5 30 40 1.799 30 30 40 1.819 
5 30 50 1.688 30 30 50 2.151 
5 30 60 1.677 30 30 60 2.251 
5 30 70 1.690 30 30 70 1.917 
5 30 80 1.633 30 30 80 3.277 
5 30 90 2.166 30 30 90 2.560 
5 35 0 1.854 30 35 0 1.952 
5 35 10 1.862 30 35 10 2.012 
5 35 20 1.871 30 35 20 2.088 
5 35 30 1.875 30 35 30 2.108 
5 35 40 1.843 30 35 40 2.015 
5 35 50 1.745 30 35 50 1.599 
5 35 60 1.670 30 35 60 2.412 
5 35 70 1.699 30 35 70 2.254 
5 35 80 1.649 30 35 80 3.324 
5 35 90 2.144 30 35 90 3.054 
5 40 0 1.849 30 40 0 1.911 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
5 40 10 1.853 30 40 10 1.947 
5 40 20 1.860 30 40 20 1.993 
5 40 30 1.864 30 40 30 2.020 
5 40 40 1.850 30 40 40 1.964 
5 40 50 1.786 30 40 50 1.533 
5 40 60 1.690 30 40 60 2.351 
5 40 70 1.672 30 40 70 2.650 
5 40 80 1.684 30 40 80 3.239 
5 40 90 2.141 30 40 90 3.610 
5 45 0 1.845 30 45 0 1.887 
5 45 10 1.848 30 45 10 1.908 
5 45 20 1.852 30 45 20 1.935 
5 45 30 1.855 30 45 30 1.952 
5 45 40 1.847 30 45 40 1.914 
5 45 50 1.805 30 45 50 1.640 
5 45 60 1.718 30 45 60 2.152 
5 45 70 1.660 30 45 70 2.831 
5 45 80 1.721 30 45 80 3.351 
5 45 90 2.166 30 45 90 4.051 
5 50 0 1.843 30 50 0 1.871 
5 50 10 1.845 30 50 10 1.883 
5 50 20 1.847 30 50 20 1.897 
5 50 30 1.848 30 50 30 1.903 
5 50 40 1.842 30 50 40 1.872 
5 50 50 1.812 30 50 50 1.686 
5 50 60 1.741 30 50 60 1.950 
5 50 70 1.660 30 50 70 2.939 
5 50 80 1.748 30 50 80 3.519 
5 50 90 2.215 30 50 90 4.364 
10 5 0 1.802 35 5 0 0.892 
10 5 10 1.802 35 5 10 0.895 
10 5 20 1.802 35 5 20 0.898 
10 5 30 1.802 35 5 30 0.900 
10 5 40 1.802 35 5 40 0.902 
10 5 50 1.803 35 5 50 0.903 
10 5 60 1.804 35 5 60 0.903 
10 5 70 1.804 35 5 70 0.902 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
10 5 80 1.824 35 5 80 1.122 
10 5 90 2.069 35 5 90 1.578 
10 10 0 1.756 35 10 0 1.815 
10 10 10 1.708 35 10 10 1.376 
10 10 20 1.677 35 10 20 1.221 
10 10 30 1.635 35 10 30 1.402 
10 10 40 1.608 35 10 40 1.537 
10 10 50 1.586 35 10 50 1.601 
10 10 60 1.571 35 10 60 1.632 
10 10 70 1.560 35 10 70 1.656 
10 10 80 1.608 35 10 80 1.705 
10 10 90 2.088 35 10 90 1.596 
10 15 0 1.744 35 15 0 2.246 
10 15 10 1.674 35 15 10 2.790 
10 15 20 1.780 35 15 20 3.509 
10 15 30 1.822 35 15 30 2.554 
10 15 40 1.677 35 15 40 1.916 
10 15 50 1.533 35 15 50 1.871 
10 15 60 1.397 35 15 60 1.761 
10 15 70 1.286 35 15 70 1.845 
10 15 80 1.322 35 15 80 1.822 
10 15 90 1.923 35 15 90 1.807 
10 20 0 2.037 35 20 0 2.752 
10 20 10 1.995 35 20 10 2.587 
10 20 20 1.788 35 20 20 2.231 
10 20 30 1.677 35 20 30 2.508 
10 20 40 1.787 35 20 40 3.085 
10 20 50 1.757 35 20 50 1.864 
10 20 60 1.460 35 20 60 2.398 
10 20 70 1.274 35 20 70 2.200 
10 20 80 1.337 35 20 80 2.112 
10 20 90 1.849 35 20 90 2.339 
10 25 0 1.937 35 25 0 2.287 
10 25 10 1.980 35 25 10 2.483 
10 25 20 1.978 35 25 20 2.463 
10 25 30 1.840 35 25 30 2.208 
10 25 40 1.692 35 25 40 2.151 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
10 25 50 1.720 35 25 50 2.753 
10 25 60 1.663 35 25 60 1.780 
10 25 70 1.367 35 25 70 3.044 
10 25 80 1.504 35 25 80 2.752 
10 25 90 1.884 35 25 90 2.763 
10 30 0 1.892 35 30 0 2.069 
10 30 10 1.920 35 30 10 2.198 
10 30 20 1.948 35 30 20 2.318 
10 30 30 1.927 35 30 30 2.241 
10 30 40 1.796 35 30 40 1.816 
10 30 50 1.664 35 30 50 2.441 
10 30 60 1.687 35 30 60 2.396 
10 30 70 1.525 35 30 70 2.484 
10 30 80 1.533 35 30 80 3.958 
10 30 90 2.033 35 30 90 3.133 
10 35 0 1.871 35 35 0 1.974 
10 35 10 1.888 35 35 10 2.048 
10 35 20 1.908 35 35 20 2.139 
10 35 30 1.916 35 35 30 2.162 
10 35 40 1.858 35 35 40 2.075 
10 35 50 1.734 35 35 50 1.768 
10 35 60 1.574 35 35 60 2.655 
10 35 70 1.608 35 35 70 2.811 
10 35 80 1.597 35 35 80 4.226 
10 35 90 2.112 35 35 90 3.607 
10 40 0 1.860 35 40 0 1.925 
10 40 10 1.870 35 40 10 1.968 
10 40 20 1.883 35 40 20 2.025 
10 40 30 1.892 35 40 30 2.056 
10 40 40 1.867 35 40 40 1.996 
10 40 50 1.781 35 40 50 1.516 
10 40 60 1.551 35 40 60 2.585 
10 40 70 1.650 35 40 70 3.249 
10 40 80 1.689 35 40 80 4.228 
10 40 90 2.142 35 40 90 4.169 
10 45 0 1.853 35 45 0 1.896 
10 45 10 1.859 35 45 10 1.922 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
10 45 20 1.867 35 45 20 1.954 
10 45 30 1.872 35 45 30 1.973 
10 45 40 1.858 35 45 40 1.932 
10 45 50 1.799 35 45 50 1.588 
10 45 60 1.593 35 45 60 2.471 
10 45 70 1.624 35 45 70 3.449 
10 45 80 1.775 35 45 80 4.338 
10 45 90 2.184 35 45 90 4.631 
10 50 0 1.848 35 50 0 1.877 
10 50 10 1.852 35 50 10 1.891 
10 50 20 1.856 35 50 20 1.908 
10 50 30 1.858 35 50 30 1.915 
10 50 40 1.846 35 50 40 1.881 
10 50 50 1.802 35 50 50 1.642 
10 50 60 1.638 35 50 60 2.232 
10 50 70 1.573 35 50 70 3.538 
10 50 80 1.849 35 50 80 4.503 
10 50 90 2.252 35 50 90 4.954 
15 5 0 1.692 40 5 0 0.926 
15 5 10 1.690 40 5 10 0.932 
15 5 20 1.688 40 5 20 0.938 
15 5 30 1.688 40 5 30 0.943 
15 5 40 1.687 40 5 40 0.948 
15 5 50 1.688 40 5 50 0.952 
15 5 60 1.689 40 5 60 0.955 
15 5 70 1.690 40 5 70 0.957 
15 5 80 1.729 40 5 80 1.189 
15 5 90 2.103 40 5 90 1.524 
15 10 0 1.720 40 10 0 1.908 
15 10 10 1.534 40 10 10 1.470 
15 10 20 1.388 40 10 20 1.437 
15 10 30 1.271 40 10 30 1.638 
15 10 40 1.185 40 10 40 1.706 
15 10 50 1.135 40 10 50 1.713 
15 10 60 1.099 40 10 60 1.728 
15 10 70 1.075 40 10 70 1.744 
15 10 80 1.196 40 10 80 1.766 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
15 10 90 1.804 40 10 90 1.595 
15 15 0 1.765 40 15 0 2.436 
15 15 10 1.808 40 15 10 3.125 
15 15 20 2.038 40 15 20 3.856 
15 15 30 1.916 40 15 30 2.565 
15 15 40 1.515 40 15 40 2.131 
15 15 50 1.266 40 15 50 2.050 
15 15 60 1.026 40 15 60 1.883 
15 15 70 0.885 40 15 70 1.892 
15 15 80 1.179 40 15 80 1.945 
15 15 90 1.660 40 15 90 2.155 
15 20 0 2.159 40 20 0 2.918 
15 20 10 2.094 40 20 10 2.727 
15 20 20 1.817 40 20 20 2.348 
15 20 30 1.775 40 20 30 2.845 
15 20 40 1.949 40 20 40 3.228 
15 20 50 1.819 40 20 50 1.865 
15 20 60 1.373 40 20 60 2.904 
15 20 70 1.235 40 20 70 2.461 
15 20 80 1.356 40 20 80 2.446 
15 20 90 1.679 40 20 90 2.850 
15 25 0 1.997 40 25 0 2.371 
15 25 10 2.066 40 25 10 2.602 
15 25 20 2.061 40 25 20 2.576 
15 25 30 1.875 40 25 30 2.287 
15 25 40 1.690 40 25 40 2.429 
15 25 50 1.861 40 25 50 2.897 
15 25 60 1.750 40 25 60 2.005 
15 25 70 1.399 40 25 70 3.655 
15 25 80 1.582 40 25 80 3.250 
15 25 90 1.736 40 25 90 3.379 
15 30 0 1.923 40 30 0 2.110 
15 30 10 1.968 40 30 10 2.264 
15 30 20 2.012 40 30 20 2.405 
15 30 30 1.980 40 30 30 2.316 
15 30 40 1.828 40 30 40 1.835 
15 30 50 1.576 40 30 50 2.717 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
15 30 60 1.894 40 30 60 2.646 
15 30 70 1.513 40 30 70 3.134 
15 30 80 1.561 40 30 80 4.655 
15 30 90 1.933 40 30 90 3.792 
15 35 0 1.890 40 35 0 1.998 
15 35 10 1.916 40 35 10 2.085 
15 35 20 1.949 40 35 20 2.193 
15 35 30 1.959 40 35 30 2.219 
15 35 40 1.884 40 35 40 2.124 
15 35 50 1.637 40 35 50 1.978 
15 35 60 1.736 40 35 60 2.957 
15 35 70 1.680 40 35 70 3.451 
15 35 80 1.442 40 35 80 5.098 
15 35 90 2.223 40 35 90 4.241 
15 40 0 1.872 40 40 0 1.940 
15 40 10 1.888 40 40 10 1.991 
15 40 20 1.908 40 40 20 2.057 
15 40 30 1.921 40 40 30 2.094 
15 40 40 1.886 40 40 40 2.031 
15 40 50 1.756 40 40 50 1.548 
15 40 60 1.554 40 40 60 2.890 
15 40 70 1.756 40 40 70 3.915 
15 40 80 1.457 40 40 80 5.250 
15 40 90 2.372 40 40 90 4.800 
15 45 0 1.861 40 45 0 1.906 
15 45 10 1.871 40 45 10 1.935 
15 45 20 1.883 40 45 20 1.973 
15 45 30 1.891 40 45 30 1.996 
15 45 40 1.870 40 45 40 1.951 
15 45 50 1.815 40 45 50 1.546 
15 45 60 1.481 40 45 60 2.752 
15 45 70 1.801 40 45 70 4.140 
15 45 80 1.569 40 45 80 5.362 
15 45 90 2.418 40 45 90 5.260 
15 50 0 1.854 40 50 0 1.883 
15 50 10 1.859 40 50 10 1.900 
15 50 20 1.866 40 50 20 1.920 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
15 50 30 1.869 40 50 30 1.927 
15 50 40 1.852 40 50 40 1.889 
15 50 50 1.809 40 50 50 1.604 
15 50 60 1.485 40 50 60 2.555 
15 50 70 1.801 40 50 70 4.211 
15 50 80 1.709 40 50 80 5.526 
15 50 90 2.515 40 50 90 5.592 
20 5 0 1.467 45 5 0 1.093 
20 5 10 1.461 45 5 10 1.106 
20 5 20 1.456 45 5 20 1.117 
20 5 30 1.452 45 5 30 1.125 
20 5 40 1.450 45 5 40 1.130 
20 5 50 1.449 45 5 50 1.133 
20 5 60 1.450 45 5 60 1.133 
20 5 70 1.452 45 5 70 1.130 
20 5 80 1.507 45 5 80 1.321 
20 5 90 1.997 45 5 90 1.525 
20 10 0 1.614 45 10 0 2.022 
20 10 10 1.297 45 10 10 1.610 
20 10 20 1.081 45 10 20 1.644 
20 10 30 0.941 45 10 30 1.760 
20 10 40 0.895 45 10 40 1.767 
20 10 50 0.885 45 10 50 1.761 
20 10 60 0.886 45 10 60 1.768 
20 10 70 0.890 45 10 70 1.779 
20 10 80 1.164 45 10 80 1.842 
20 10 90 1.625 45 10 90 1.729 
20 15 0 1.831 45 15 0 2.643 
20 15 10 2.028 45 15 10 3.487 
20 15 20 2.320 45 15 20 4.124 
20 15 30 2.111 45 15 30 2.581 
20 15 40 1.528 45 15 40 2.412 
20 15 50 1.281 45 15 50 2.197 
20 15 60 1.079 45 15 60 2.005 
20 15 70 1.158 45 15 70 1.943 
20 15 80 1.480 45 15 80 2.125 
20 15 90 1.682 45 15 90 2.607 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
20 20 0 2.294 45 20 0 3.089 
20 20 10 2.204 45 20 10 2.873 
20 20 20 1.881 45 20 20 2.457 
20 20 30 1.850 45 20 30 3.159 
20 20 40 2.303 45 20 40 3.346 
20 20 50 1.955 45 20 50 1.954 
20 20 60 1.513 45 20 60 3.378 
20 20 70 1.429 45 20 70 2.762 
20 20 80 1.483 45 20 80 2.837 
20 20 90 1.770 45 20 90 3.432 
20 25 0 2.062 45 25 0 2.458 
20 25 10 2.161 45 25 10 2.724 
20 25 20 2.153 45 25 20 2.693 
20 25 30 1.931 45 25 30 2.369 
20 25 40 1.675 45 25 40 2.662 
20 25 50 2.191 45 25 50 3.052 
20 25 60 1.817 45 25 60 2.331 
20 25 70 1.491 45 25 70 4.277 
20 25 80 1.748 45 25 80 3.792 
20 25 90 1.781 45 25 90 4.051 
20 30 0 1.956 45 30 0 2.153 
20 30 10 2.020 45 30 10 2.333 
20 30 20 2.082 45 30 20 2.495 
20 30 30 2.039 45 30 30 2.394 
20 30 40 1.863 45 30 40 1.874 
20 30 50 1.666 45 30 50 2.953 
20 30 60 2.069 45 30 60 2.976 
20 30 70 1.435 45 30 70 3.824 
20 30 80 1.887 45 30 80 5.384 
20 30 90 1.988 45 30 90 4.499 
20 35 0 1.909 45 35 0 2.022 
20 35 10 1.946 45 35 10 2.124 
20 35 20 1.992 45 35 20 2.250 
20 35 30 2.006 45 35 30 2.277 
20 35 40 1.919 45 35 40 2.162 
20 35 50 1.537 45 35 50 2.162 
20 35 60 2.001 45 35 60 3.321 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
20 35 70 1.713 45 35 70 4.134 
20 35 80 1.686 45 35 80 5.993 
20 35 90 2.418 45 35 90 4.925 
20 40 0 1.885 45 40 0 1.955 
20 40 10 1.907 45 40 10 2.014 
20 40 20 1.935 45 40 20 2.091 
20 40 30 1.953 45 40 30 2.132 
20 40 40 1.909 45 40 40 2.068 
20 40 50 1.665 45 40 50 1.625 
20 40 60 1.776 45 40 60 3.172 
20 40 70 1.879 45 40 70 4.618 
20 40 80 1.632 45 40 80 6.278 
20 40 90 2.810 45 40 90 5.478 
20 45 0 1.870 45 45 0 1.915 
20 45 10 1.883 45 45 10 1.950 
20 45 20 1.900 45 45 20 1.994 
20 45 30 1.910 45 45 30 2.019 
20 45 40 1.883 45 45 40 1.971 
20 45 50 1.760 45 45 50 1.529 
20 45 60 1.630 45 45 60 3.052 
20 45 70 1.986 45 45 70 4.869 
20 45 80 1.750 45 45 80 6.404 
20 45 90 3.003 45 45 90 5.934 
20 50 0 1.859 45 50 0 1.889 
20 50 10 1.867 45 50 10 1.909 
20 50 20 1.876 45 50 20 1.931 
20 50 30 1.880 45 50 30 1.940 
20 50 40 1.858 45 50 40 1.899 
20 50 50 1.804 45 50 50 1.560 
20 50 60 1.526 45 50 60 2.868 
20 50 70 2.042 45 50 70 4.927 
20 50 80 1.925 45 50 80 6.570 
20 50 90 3.095 45 50 90 6.253 
25 5 0 1.202 50 5 0 1.346 
25 5 10 1.195 50 5 10 1.359 
25 5 20 1.189 50 5 20 1.370 
25 5 30 1.186 50 5 30 1.377 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
25 5 40 1.183 50 5 40 1.381 
25 5 50 1.182 50 5 50 1.384 
25 5 60 1.183 50 5 60 1.385 
25 5 70 1.185 50 5 70 1.382 
25 5 80 1.261 50 5 80 1.524 
25 5 90 1.828 50 5 90 1.526 
25 10 0 1.633 50 10 0 2.136 
25 10 10 1.246 50 10 10 1.791 
25 10 20 0.917 50 10 20 1.740 
25 10 30 0.853 50 10 30 1.822 
25 10 40 0.912 50 10 40 1.770 
25 10 50 0.990 50 10 50 1.758 
25 10 60 1.057 50 10 60 1.763 
25 10 70 1.108 50 10 70 1.774 
25 10 80 1.363 50 10 80 1.921 
25 10 90 1.601 50 10 90 1.972 
25 15 0 1.938 50 15 0 2.863 
25 15 10 2.249 50 15 10 3.871 
25 15 20 2.728 50 15 20 4.351 
25 15 30 2.315 50 15 30 2.599 
25 15 40 1.671 50 15 40 2.754 
25 15 50 1.427 50 15 50 2.377 
25 15 60 1.306 50 15 60 2.153 
25 15 70 1.507 50 15 70 2.002 
25 15 80 1.681 50 15 80 2.350 
25 15 90 1.680 50 15 90 3.119 
25 20 0 2.439 50 20 0 3.264 
25 20 10 2.324 50 20 10 3.023 
25 20 20 1.975 50 20 20 2.559 
25 20 30 1.985 50 20 30 3.454 
25 20 40 2.612 50 20 40 3.458 
25 20 50 1.989 50 20 50 2.121 
25 20 60 1.670 50 20 60 3.866 
25 20 70 1.759 50 20 70 3.091 
25 20 80 1.699 50 20 80 3.263 
25 20 90 1.769 50 20 90 4.056 
25 25 0 2.133 50 25 0 2.548 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
25 25 10 2.262 50 25 10 2.850 
25 25 20 2.250 50 25 20 2.814 
25 25 30 2.007 50 25 30 2.428 
25 25 40 1.740 50 25 40 2.888 
25 25 50 2.447 50 25 50 3.211 
25 25 60 1.748 50 25 60 2.721 
25 25 70 1.836 50 25 70 4.876 
25 25 80 2.023 50 25 80 4.362 
25 25 90 1.917 50 25 90 4.754 
25 30 0 1.992 50 30 0 2.198 
25 30 10 2.076 50 30 10 2.405 
25 30 20 2.156 50 30 20 2.588 
25 30 30 2.102 50 30 30 2.476 
25 30 40 1.842 50 30 40 1.893 
25 30 50 1.913 50 30 50 3.127 
25 30 60 2.132 50 30 60 3.361 
25 30 70 1.527 50 30 70 4.536 
25 30 80 2.569 50 30 80 6.132 
25 30 90 2.145 50 30 90 5.210 
25 35 0 1.930 50 35 0 2.047 
25 35 10 1.978 50 35 10 2.164 
25 35 20 2.039 50 35 20 2.308 
25 35 30 2.056 50 35 30 2.338 
25 35 40 1.963 50 35 40 2.191 
25 35 50 1.518 50 35 50 2.301 
25 35 60 2.208 50 35 60 3.709 
25 35 70 1.854 50 35 70 4.842 
25 35 80 2.401 50 35 80 6.856 
25 35 90 2.635 50 35 90 5.641 
25 40 0 1.898 50 40 0 1.970 
25 40 10 1.926 50 40 10 2.038 
25 40 20 1.964 50 40 20 2.126 
25 40 30 1.986 50 40 30 2.172 
25 40 40 1.935 50 40 40 2.108 
25 40 50 1.596 50 40 50 1.742 
25 40 60 2.079 50 40 60 3.512 
25 40 70 2.162 50 40 70 5.347 
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Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
Slip 
(m) 
Dip 
(Degree) 
Location 
(Km) Misfit 
25 40 80 2.328 50 40 80 7.225 
25 40 90 3.161 50 40 90 6.187 
25 45 0 1.878 50 45 0 1.925 
25 45 10 1.895 50 45 10 1.964 
25 45 20 1.917 50 45 20 2.014 
25 45 30 1.931 50 45 30 2.043 
25 45 40 1.898 50 45 40 1.992 
25 45 50 1.689 50 45 50 1.539 
25 45 60 1.848 50 45 60 3.386 
25 45 70 2.345 50 45 70 5.612 
25 45 80 2.445 50 45 80 7.457 
25 45 90 3.548 50 45 90 6.637 
25 50 0 1.865 50 50 0 1.895 
25 50 10 1.875 50 50 10 1.918 
25 50 20 1.887 50 50 20 1.943 
25 50 30 1.891 50 50 30 1.953 
25 50 40 1.865 50 50 40 1.910 
25 50 50 1.745 50 50 50 1.533 
25 50 60 1.726 50 50 60 3.158 
25 50 70 2.422 50 50 70 5.670 
25 50 80 2.620 50 50 80 7.626 
25 50 90 3.755 50 50 90 6.943 
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